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The Determination of the Equation of State 
From Wave-Front Observations” 


By E. F. LYPE,? CINCINNATI, OHIO 


The equation of state and the specific heat of a substance 
are related by certain differential equations to the pres- 
sure-density changes incurred by that substance under 
the influence of a rarefaction wave or a shock wave. These 
difterential equations are derived, making it possible to 
obtain the thermodynamic properties from observations 
of the phenomena of wave propagation. In case of shock 
waves, this possibility results from the existence of a func- 
tion, named the “Hugoniot function,” which is constant 
on each compression curve and possesses the qualities of 
a property of state. A simple example illustrates the 
application of this method. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


b = co-volume 
c¢ = sound velocity 
specific heat at constant pressure 
= specific heat at constant volume 
acceleration of gravity 
enthalpy 
= pressure 
entropy 
specific volume 
particle velocity 
adiabatic function 
in Appendix, constants of integration 
arbitrary function 
Hugoniot function 
function defined by Equation [39] 
= gas constant 
function defined by Equation [50] 
absolute temperature 
wave velocity 
function defined by Equation [37] 
slope of rarefaction curves 
= co-density 
= ratio of specific heats 


Cp 
c 
g 
h 
8 
v 
w 
A 
B 
F 
H 
P 
R 
S 
Ww 
6 


absolute density 
function defined by Equation [9] for rarefaction process 
function defined by Equation [32] for shock process 


1 Based on the author’s paper ““The Use of Shock Wave Observa- 
tions for the Determination of the Equation of State,” presented at 
the Ninth International Congress for Applied Mechanics, Brussels, 
Belgium, September 5-13, 1956. 

2 Results of a study made under Contract Nonr 1421(00) with the 
Office of Naval Research during the author’s connection as Senior 
Research Engineer with the Armour Research Foundation of Illinois 
Institute of Technology, Chicago, II. 

3 Thermodynamicist, Aircraft Gas Turbine Division, General Elec- 
tric Company. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 25-30, 1956, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
August 9, 1956. Paper No. 56—A-129. 


y¥ = function defined by Equation [33] 


INTRODUCTION 


In order to determine the equation of state for a compressible 
substance in the region of extreme pressures which are too diffi- 
cult to produce statically, several authors ** have proposed to 
produce such pressures dynamically by means of strong shock 
waves and to derive the equation of state from the observed 
change of properties at the shock front. For this purpose, it is 
sufficient to observe two out of the following three quantities: 


1 Velocity of propagation of the shock wave. 
2 Finite change in density at the shock front. 
3 Finite change in pressure at the shock fi. vnt. 


The temperatures can then be calculated from certain rela- 
tions connecting the equation of state with the change of proper- 
ties at the shock front. It is the purpose of this study to estab- 
lish these relations. 

The interdependence of the phenomena of gas dynamics and 
thermodynamics, as manifest in the relationship between the 
equation of state and the change of state at the shock front, can 
best be demonstrated by extending the scope of this study to in- 
clude shock waves as well as rarefaction waves. Since the latter 
ones are of practical significance for the study of relaxation phe- 
nomena, and their analysis is much simpler, they will serve as a 
preparatory step for the analysis of the shock-wave problem. 


RELATIONSHIP BETWEEN RAREFACTION WAVES AND EQUATION 
or STATE 


If rarefaction waves are employed to determine thermody- 
namic properties, then the quantities most accessible to observa- 
tion are the velocity of propagation of the waves and the pres- 
sures produced by the rarefaction. The following is an example 
of how this could be done: A piston is originally at rest in a 
cylinder which has two pressure gages installed with the distance 
Ax between them. Att = 0 the piston is suddenly withdrawn 
toward the left with finite acceleration. A centered rarefaction 
wave travels toward the right, and the ensuing pressure drop is 
recorded by the two pressure gages. The head of the wave trav- 
els with the sound velocity of the undisturbed gas in front of it, 
while subsequent fractions of the wave travel with lower speed 
conforming to diminishing sound velocities superimposed upon 
an ever-increasing particle velocity in the opposite direction, 
Fig. 1. According to this decreasing wave velocity, the second 
pressure gage will register the same pressures as the first one, 
but displaced by a time interval At which increases as the pres- 
sure diminishes, Fig. 2. The wave velocity at any pressure p is 
then given as U = (Ar)/(At). In this manner, one obtains U as 


‘Die Zustandsgleichung des Wassers bei hohen Drittcken nach 
Réntgenblitzaufnahmen intensiver Stosswellen,”” by R. Schall, 
Zeitschrift fiir angewandte Physik, vol. 2, no. 6, 1950, pp. 252-254. 

’“‘Hautes Pressions—Quelques résultats sur la compression de 
l’eau dans une onde de choc,”’ by J. Dapoigny, J. Kieffer, and B. 
Vodar, Comptes Rendus, vol. 258, no. 2, 1954, pp. 215-217. 

¢ “Equation of State of Metals From Shock Wave Measurements,” 
by J. M. Walsh and R. H. Christian, Physical Review, vol. 97, no. 6, 
1955, pp. 1544-1556. 


2 
t 
Ax 
P= Piston Path 
Fic. 1 Rareraction Wave RELEASED BY STARTING Piston 
* 
% 
Fic. 2 Rareraction Wave at Two Points oF OBSERVATION 


a function of p. The particle velocity caused by a rarefaction 


wave is 
1 =) 
“u=— — hd 


whence the propagation velocity of the pressure signals, U = 


v= 


By differentiation, the following differential equation is obtained 
for the density p 


fe 2 (2) =o (1) 
dp? p\dp dp \dp 
Integration gives the adiabatic expansion curve in a p, p-diagram. 
When this experiment is carried out with various initial densities, 
a family of adiabatics is obtained, Fig. 3, which contains all the 
information required to derive the equation of state. 

For the latter purpose, it is necessary to represent the adia- 
batics by an analytical expression which must have a constant 
value along each individual adiabatic, and the derivative (dp/ 
dp), obtained from it must be independent of the initial values 
of po and Po. 
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Fic. 3 Rareraction Process Dirrerent DeNsITIES 


As long as the equation of state of the substance under investi- 
gation is not known, it is not possible to determine the value of 
the entropy on each adiabatic; therefore the entropy is useless 
for the characterization of the adiabatics. A quantity suitable 
for this purpose is po, the initial density at the beginning of the 


rarefaction. For the example of a perfect gas 


1 


Po 
p= 


This function po is a constant number for each adiabatic; it 
can be expressed as a function of the variables p and p, and the 
parameter po. Therefore, this quantity is suitable to be identi- 
fied with the analytical expression A representing the adiabatic 
curves. Thus 


> 


where 
A = A(p, Pp, po) 


The second requirement, that the slope of the adiabatics as 
expressed by 


be independent of po is satisfied because the adiabatics constitute 
a one-parametric family with parameter po. 

The connection between the change of state caused by the 
rarefaction wave and the equation of state of the substance is 
provided by the enthalpy change accompanying the rarefaction 
since the enthalpy depends on the temperature as well as on the 
density or the pressure. For an adiabatic change of state, the 
second law of thermodynamics gives 


dh = vdp 


By replacing the specific volume by the absolute density 


- [2] 


the enthalpy change corresponding to the density change dp be- 


comes 
oh 1 { op 
(3) -1 (2) 
gp 


‘ 
| | 
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Conversion from the independent variables p, A to the vari- 
ables T, p occurs by means of the relations 


oh\ _ (oh op oh or 

(2), (2),+ (3) (=)... 
oT\ _ (oar or op 5 
(=). (27) + (2)... 


where the following thermodynamic identities can be intro- 


duced 
oh 
{6} 


dh 1 
( ) [1+ (7) 
Oop/r gp p 


Substituting Equations [4, 5, 6, and 7] in Equation [3] and re- 
placing c, by c, by means of the relation 


T 


(27) 
F 
op Jp \ op /, 


oT re) oT | oT 
op op /4 Op Op 
where the marking of the partial derivatives of T has been 


omitted, it being understood that 7 is from now on a function of 
pandp. By introducing the function 


(P, Pp) 
p) = 
op / 4 


the last equation becomes 


[8] 


yields 


- [9] 


oT 
+ pe(p, 0) — [10] 
p Op 


This nonlinear first-order differential equation yields when 
integrated the equation of state F(p, p, 7) = 0. By way of the 
function ¢(p, 9) the empirical data obtained from the rarefac- 
tion-wave experiment enter the equation of state. 

In most cases of practical interest c, will be unknown and has 
to be removed by differentiation according to the thermodynamic 


relation 
dc 
ov T 


Using the specific volume v instead of the density p, to which 
the former is related by Equation [2], and replacing ¢ by the 
function 


W(p, = gp¢(p, Pp) 


Equation [10] can be written 


Differentiation with respect to v at constant 7’ gives 


op ov op 


or or ar 
w— — 14 


The term in the bracket is a function of p and v for which dif- 
ferentiation at constant 7’ has to be carried out according to the 


formula 
ov ov op /, 


or 


( ap 
ov T T 


op 


(15) 


[16] 


Applying Equation [15] to the bracket in Equation [14] gives 
the desired partial derivative on the right of Equation [14]. 
The quantity on the left is to be replaced according to Equation 
[11] whereby the relation 


op /, 


[17] 


provides the conversion to the independent variables p and », 
Then, Equation [14] becomes 


wr 
Ww? = — 2W 
Op? Op Ov 


2 
= [18] 
ov? 
where W, and W, are the two partial derivatives of the known 
function W. 

This is the differential equation for the temperature of a sub- 
stance whose adiabatics in a p, v co-ordinate system have a slope 
equal to —W(p, v). Once the function W has been established 
by experiments, the equation of state is found as the integral of 
Equation [18]. 

If the rapid change of state behind an advancing rarefaction 
wave results in transient values of the specific heat which deviate 
from equilibrium values, the adiabatics in Fig. 3 as obtained 
from Equation [1] will not coincide with the adiabatics for the 
equilibrium state, and the function W(p, v) will reflect this devi- 
ation from equilibrium. Therefore, such relaxation phenomena 
ean be studied by first obtaining the function 7(p, v) from 
Equation [18] and then calculating the specific heat from Equa- 
tion [13]. The slope of the adiabatics —W in Equation [13] is, 
according to Equations [1, 9, 12], related to the wave velocity U 
by the differential equation 


d = pdU 
g 


The specific-heat data calculated from Equation [13], when 
analyzed by means of specific-heat theories, will yield informa- 
tion on the transient-energy state of the molecules. 


RELATIONSHIP BETWEEN SHOCK WAVES AND EQUATION OF STATE 


As in the case of rarefaction waves, experimental observation 
of the propagation velocity of shock waves and of the ensuing 
increment in either density or pressure can be used to construct 
a family of p, p-curves for the process of shock compression. The 
possibility of relating these curves to the equation of state of the 
compressed substance again rests upon the existence of a thermo- 
dynamic function such that its value on each compression curve 


a 
op? 
— 
(wt 
op ov / Op 


is constant and such that it conforms to the requirements for a 
property of state. If this function can be established, conver- 
sion to a system of variables, p, p, 7’ is possible. 

There is a substantial difference between the p, p-curves of a 
shock process and those of a rarefaction process. In the latter 
case, the expansion curve starting from a given point po, po can 
be subdivided by an arbitrary number of intermediate points, 
each of which can be taken as the starting point of a new ex- 
pansion process. Such a step process will proceed along the same 
curve as the total process, since only one adiabatic curve goes 
through a given point in the p, p-plane. This situation does not 
hold for the curves cf shock compression, called Hugoniot curves. 
Here, infinitely many curves cross through any given point in the 
p, p-plane, each of which is characterized by a pair of param- 
eters; namely, the values po and fp» of pressure and density at the 
start of the compression. Therefore, it is not possible to replace 
the total compression process by a step process proceeding along 
the same curve since after each new start the shock compression 
will proceed on a different Hugoniot curve, each of which can be 
represented by an equation of the form 


S(P, P, Po, Po) = 0 


For this reason, unlike the adiabatics in the preceding section, 
the slope of the Hugoniot curve also will depend on one of the 
aforementioned parameters, as will the original differential equa- 
tion for the equation of state. It is therefore to be expected 
that the condition for obtaining an integral of this equation, which 
is free of the parameters, will be more complex than that for the 
rarefaction wave. 

In spite of this peculiar character of the Hugoniot curve, there 
does exist a function, called in the following the ‘“Hugoniot 
function” and denoted by the symbol H, which has a constant 
value on a given Hugoniot curve. It was mentioned that the 


Hugoniot curves are determined by the initial state of the shock 


process. By identifying the Hugoniot function with one of 
the parameters defining this initial state, the function H would 
become associated with a quantity which has a fixed value on each 
Hugoniot curve; H will then depend on the two properties of 
state p and p, and in addition on the remaining parameter of the 
initial state. For any chosen value of this parameter, a family 
of Hugoniot curves in the p, p-plane is obtained, as shown in 
Fig. 4; on each of these curves is then H = const. For a differ- 
ent value of-the parameter, a different family of Hugoniot curves 
would be obtained in the p, p-plane. Therefore, such a family of 
curves represents the intersection of the Hugoniot surfaces H = 


/ 
f 


Wire Dirrerent INITIAL 


Fic. 4 Snocx-Wave CoMPRESSION 
DENSITIES 
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const with the plane a = const when a is the remaining param- 
eter on which H depends, either po or pp. Now, all states on such 
a Hugoniot surface are connected by a process dH = 0. The 
increment in H during a process which would lead from a point 
on one Hugoniot surface to an adjacent point on a neighboring 
Hugoniot surface is of the form 


dH = Hp, p, a) dp + H:(p, p, a) dp + H3(p, p, a) da 


Since there are in the vicinity of each state other states which 
cannot be reached from the former by a path dH = 0, it follows 
from the Carathéodory principle that the foregoing differential 
for dH is either exact or that it can be transformed into an exact 
differential by an integrating factor. If H is suitably chosen, 
the former case will apply and H will satisfy the equations 


2 > 2 (2 
Op \ Op op \ dp oa \ Op Op \ da 
oa \ Op 
thereby conforming to the requirements for a property of state. 
Thus, derivation of the equation of state from Hugoniot curves is 
possible. 
The connection between shock-wave phenomena and proper- 


ties of state is provided by the following system of three equa- 
tions’ for the change of properties across a shock front 


1 Thecontinuity equation 


pw = porto . [20] 


2 the momentum equation 


P — Po = — pw?. 


3 the energy equation 


we? — wt = 2g 
po 

where w is the particle velocity relative to the moving shock wave. 

As in the case of the rarefaction wave, it is again the enthalpy h 

by which the temperature enters the problem. 

When the particle velocity relative to the shock front was wo 
before the shock, the velocity U with which the shock wave 
moves into the medium before it is U = —to. Eliminating w 
in Equation [21] by means of Equation [20] and solving for wo 
gives for the velocity of propagation of the shock wave 


When the wave velocity and the increment in either pressure 
or density caused by the shock wave have been observed, the in- 
crement of the remaining property can be calculated from Equa- 
tion [23]. In this manner the p, p-curve for this shock process 
is obtained. Changing the initial density pp by heating the sub- 
stance prior to the shock compression will result in a one-param- 
eter family of Hugoniot curves, all with the same initial pressure 
po, but each one with a different initial density po, Fig. 4. The 
Hugoniot function H must now be found for this family 
of Hugoniot curves. Since a different choice of initial pressure 
would have resulted in a different family of Hugoniot curves, 
the function H will depend on the parameter pp in addition to the 
variables p and p 


H = H(po, p, p) 
? “Supersonic Flow and Shock Waves,” by R. Courant and K. O. 


Friedrichs, Interscience Publishers, New York, N. Y., 1948, pp. 123- 
124. 
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Since it was shown that H is identical with one of the two param- 
eters defining the initial state of the shock compression, it follows 
from Equation [24] that 


For the example of the perfect gas, po is given by the Rankine- 
Hugoniot equation whence 


For other substances, the function H becomes much more com- 
plicated. 

The basic equation for the change in thermodynamic proper- 
ties resulting from a shock process is obtained by eliminating in 
Equation [22] the velocities wo and w with the aid of Equations 
(20] and [21]. Theresult is 


(2 +2)¢ fan 
Po 


If the equation of state is to be derived from Equation [27], 
the unknown enthalpy term has first to be eliminated. 
Differentiation of Equation [27] along the Hugoniot curves 


gives 
oh 1 1 op Pp — Po 
-(242)\(%) 
(>), (< P/\0p/ 


where (dp/dp),y is the slope of the Hugoniot curves and H is the 
Hugoniot function whose numerical value on each Hugoniot 
curve is known. The slope of the Hugoniot curves can be ex- 


pressed by 
(22 
(22) 
op / x (22 


In Equation [28], the quantities p, p, and (dp/dp), are ob- 
served by the shock-wave experiment, while the quantity (dh/ 
dp), has still to be expressed by these observable quantities and 
by the temperature. While in Equation [28] A appears as a 
function of p and H, the thermodynamic relations consider h as 
function of 7’ and p. Conversion from the independent varia- 
bles p, H to the independent variables 7, p occurs by means of 
the equations 


dh (*) (2?) (37) 
— = | — + — ——j} ...{0 
(2). op /r x oT /, \0p 
(5). - 
Op op Op /p / 
where the thermodynamic identities Equations [6] and [7] can 


again be introduced. Substituting Equations [6, 7, 30, 31] in 
Equation [28] and replacing c, by c, by means of Equation [8] 


. [28] 


By introducing the functions 


op 
Po, P, P) = p(22) [32] 


and 


V( Po, P, p) 1) 3 


... [33] 


where (0p/0p), is given by Equation [29], the last differential 
equation becomes 
\ or 

p 


oT oT 
E + pel po, P, — ¥(Po, P, Pp) 


The marking of the partial derivatives of 7 has been omitted, 
it being understood that from now on p and pare the independent 
variables. 

For p — po and p— po, Equation [33] yields y — 0, and Equa- 
tion [34] assumes the same form as Equation [10] in accordance 
with the fact that the Hugoniot curve for an infinitesimal shock 
approaches the adiabatic curve. 

The nonlinear first-order differential Equation [34] shows how 
the equation of state depends on the experimental Hugoniot 
curves which enter by means of the functions g and y. The 
integrals of Equation [34], in general, will contain the param- 
eter po. However, in order to represent an equation of state the 
integral must be independent of po since the equation of state 
cannot depend on the starting pressure at which the shock ex- 
periments were performed. 

Consequently, the temperature obtained by integrating Equa- 
tion [34] as well as its derivatives, have to be independent of po 
which is expressed by the requirements 


dpo \ op} dpe \ dp 
Since the left side of Equation [34] is equal to 7’, its derivative 
with respect to pp must vanish; differentiation yields, in view of 
Equations [35] 
oy 
ar _ 1 
“Op gp 
dpo 


Since the term on the left has to be independent of po, it is re- 
quired that the quotient on the right be independent of po. 

If the density is replaced by the specific volume according to 
Equation [2] the right side of Equation [36] will be a function 
of pressure and volume alone 


and Equation [36] can be written 
oT 
—— = V(p, v). 
op 


Substituting Equation [38] in Equation [34] and replacing p by » 
yields 
oT V(p, v) oT 
V(p, —— + ES Pp, v) — Po, P, »| 
ov op 


v 


+T=0 


5 
= 
po 
- 
), 
OPo 
=} 
(p, v) . [37] 
Opo 
yields 
n(2 1) + 2 f\o/, 


6 


The term in the bracket is independent of po, as can be shown by 
differentiating it with respect to po; this yields 


Opo Opo 


But this is equal to zero, according to Equation [37]. The term 
in the bracket is then a function of pressure and volume alone; 
defining a function P(p, v) as 


V(p, v) 


p, v) — ¢( po, p, v) = P(p, v) (39) 


the differential equation becomes 


oT oT 
V(p, v) — + P(p, v) — 
(p, v) + P(p, v) i. 


This is a linear, homogeneous equation for the temperature 
with the accessory condition, Equation [38]. Integration of 
Equation [40] yields the equation of state F(p, v, 7) = 0. The 
empirical data of the shock-wave experiment enter the equation 
by way of the functions P and V. As in the case of rarefaction 
waves, a boundary condition is required to determine the arbi- 
trary function arising from the integration of Equation [40]. 
This condition usually will demand that at some given pressure 
p’—not necessarily at po—temperature and volume are related 
by an equation of the form 


f(T, v, p’) = 0 


The thermodynamic meaning of the function P(p, v) can now 
be established. Solving Equation [40] for P gives 


becomes 


oT 


P(p, v) = —c, — 
(p ) P ov 

When the integration of Equation [40] is carried out, ce, and c, 
ean be determined from Equations [38] and [43], respectively. 
Thus the shock-wave experiment not only furnishes the equation 
of state, but the specific heat as well. 


RELATIONSHIP BETWEEN HuGonior CuRVES AND ISENTROPICS 


The integral of the differential Equation [40] has to satisfy 
the thermodynamical identity, Equation [11]. Converting 
both terms in Equation [11] from the independent variables v 
and 7 to the independent variables p and »v gives for the term on 
the left 
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while the conversion of the term on the right is given by Equation 
[17]. Substituting Equations [17] and [44] in Equation [11] 
gives 
oe oc, oF _ __ 2p? 
op ov Op (2 
Op 
The derivatives of c, are obtained from Equation [38]. 
stituting these in Equation [45] gives 


ov op Op ov ov Op? 


where V, and V, are the partial derivatives of V(p, v). This 
equation can be made linear by substituting 7 + V(07'/dv) from 
F.quation [40], which vields 

oT 


P V 
Op? 


. 


Sub- 


Differentiating Equation [40] with respect to p gives 
oT oT oT oT 
+V—+P,— +P—+— = 
Op Ov Op Op? Op 


Subtracting Equation [46] from Equation [47] yields 


oP 
— 
Op 


[48] 
This equation does not contain the temperature or its deriva- 
tives; instead, it represents a condition which the functions P and 
V have to satisfy in order to be thermodynamically compatible. 
Multiplying Equation [48] by 7 and equating with Equation 
[40] shows that P and V are connected by the relation 


Equation [49] can be satisfied by a function S(p, v), as defined 
by the equations 


It is easy to identify the function S. Substituting V from 
Equation [38] in the second Equation [50] gives 


oF 
= (2) (2) Ov [44] 
— 
7 
oT 
7 — oV 
P; or 
op 
Substituting V from Equation [38] yields 
Op 
or or 
(Vv 
ar \7 Op 
which, in view of the thermodynamic relation Bd 
Oop ov 
a Equations [50] can be written : 
P 
as as 
op ov 
Equating both terms for T gives a differential equation for S 
as as 
— +P— =0....... 
os c 
( or ), T (53) 
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Substituting P from Equation [43] in the first Equation [50] 
gives 


. [54] 


According to Equations [53] and [54] the function S is the 
entropy s 


since its two partial derivatives are identical with those of the 
entropy. It is sufficient to show that any two derivatives of S 
are identical with those of s; the others are then automatically 
identical, if S depends on two independent variables only. 

The differential equation for the entropy is now, according to 
Equations [52] and [55] 


ds ds 
V(p, v) + P(p, v) =0 [56] 


This equation yields for the slope of the isentropics 


Os 


(2 
ov /, Os V 


Op 


. [57] 


One of the two systems of characteristics of Equation [40] is 
obtained as the solution of the Lagrangian auxiliary equation 


dv dp 

V 
The slope ef these characteristics is then 

dp 

= —., . [58 

> [58] 
It is seen from Equation [57] that the characteristics of Equation 
[40] are isentropics. At the same time, Equation [58] represents 
the characteristics of Equation [56]. With P and V given, 
integration of Equation [58] is always possible, since the differ- 
ential 


P(p, v) dv — V(p, v) dp = 0 


if not already exact, always has an integrating factor. 

The second family of characteristics of Equation [56] are the 
curves s = const. The boundary condition is supplied by the 
requirement that at a given pressure p’ entropy and volume are 
related by an equation of the form 


f (8, v, p’) = 0 


Because of its simplicity, integration of Equation [56] and sub- 
sequent derivation of the temperature T is to be preferred to the 
direct integration of Equation [40]. After Equation [56] has 
been integrated the temperature is found by differentiation 
according to one of the Equations [51]. 

In most cases, it will not be possible to obtain the integral of 
Equation [40] in analytical form because of the difficulty of find- 
ing an analytical expression for H compatible with Equation 
[48]. However, this dilemma can be avoided since the method 
described in this paper is well suited for numerical and graphical 
procedures. In the latter case, a series of fifteen graphs leads 
from the initial plot of the experimental Hugoniot curves to the 
final result, giving the isothermals in a p, v-diagram. 

‘The establishing of a general thermodyuamic relationship be- 
tween shock-wave phenomena and equation of state as presented 
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in this study constitutes only the groundwork for a more ex- 
tensive investigation to include the region of those pressures 
and temperatures where phenomena of dissociation, ionization, 
and relaxation occur. 


Appendix 


EXAMPLE OF A SLIGHTLY IMPERFECT Gas 


The derivation of the equation of state from shock-wave ex- 
periments can be illustrated by the example of the slightly im- 
perfect gas of constant specific heat with the equation of state 


p(v — b) = RT . [59] 


[60] 


Then, the integral in Equation [27] becomes, for a gas with con- 
stant specific heat 


Substituting in Equation [27] and observing Equation [25] gives 
the Hugoniot function as 


(63) 
2s ( 
Po 

It is to be shown that, by applying this function H to the method 

described in this paper, the Equation of State [59] is obtained. 


By differentiation of Equation [62] there is obtained, after 
simplification 


where N is the denominator in Equation [62]. 
Hugoniot curves is, according to Equation [29] 


«ti (2 
4k 


The slope of the 


Equations [32] and [33] give for the auxiliary functions 


«+l 
K— M2 + :) 
p 


K 
¢(Po, P, P) = 


+1 2 
k Po 


Differentiation with respect to the parameter gives 


| 
as 
— 
1) grr P| 
tel 
+842) 
| 1 
1 
Pa i) 
Po K—1/\x—1 po 
and 
op (kx—1)? p 
(2 
4x Pe 
K 


The empirical functions in the differential Equation [56] are, 
according to Equations [37] and [39] 


v—b 


V= 


It can be seen that these functions P and V satisfy Equation 
[48). 

One family of characteristics of Equation [56] is obtained from 
Equation [58] as 


Integration gives 
p(v—bs =A 
The other family of characteristics is 
s=B 
The quantities A and B are the constants of integration. 
The integral of Equation [56] is given by 
B = F(A) 


s = F[p(v — b)*] 


where F is the arbitrary function, arising from the integration of 
the partial differential equation. This function is to be deter- 
mined from the boundary condition. 

A suitable boundary condition is that at a certain very low 
pressure p’, which is not necessarily the initial pressure po of the 
shock-wave experiment, the gas behaves like a perfect gas, i.e. 


p=p', 
The function F is found by eliminating s and v from the system 
of characteristic equations for p = p’. These two equations are 
A = p'(v— b)* 
B=c,lInp’+c,lnv 
Eliminating v yields 
B =c, In (AM« + bp’l/*) 


This is the specific form of the function B = F(A) as required by 
the boundary condition. Substituting this result in Equation 
[66] gives, with A from Equation [65] 


s = c, In [p!/*(v — b) + 


Differentiation yields 


os 


ov v—b 


or, for a perfect gas of constant specific heat 


os K R 


wv K—lv—bd 
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The temperature is, according to Equations [51] and [64] 


_ —d) 


R 


which is the original equation of state, Equation [59], associated 
with the Hugoniot function, Equation [62]. 


Discussion 


NeLson Kemp.’ The paper presents an interesting use of 
classical macroscopic thermodynamic relationships to relate the 
equation of state for compressible substances under extreme pres- 
sures and/or temperatures to observable quantities. However, it 
appears that the practical use of the method leads to difficulties. 
These cast doubt on the advisability of using it to find equations 
of state in those many interesting cases where such equations can 
be found by use of spectroscopic data and statistical-mechanical 
considerations. 


1 Acomment in regard to using rarefaction waves for studying 
relaxation phenomena. When relaxation occurs, the flow no longer 
can be represented by a simple wave of one characteristic family. 
Waves of both families will occur, and the simple wave formula 
which led to Equation [1] of the paper must give way to a more 
complicated analysis which considers all the waves. 

2 It should be noted that if strong shock waves are used to 
study dissociation and ionization, the density rise rather than the 
pressure rise across the shock should be measured. The pressure 
rise is very insensitive to the sort of processes going on, being 
approximately the density before the shock times the shock veloc- 
ity squared. Equation [23] of the paper then merely states that 
the density behind a strong shock is much greater than that in 
front. The density rise, which can be observed optically, is much 
more sensitive to the processes occurring. 


In general, it would seem that the philosophy on which the 
paper is based is a doubtful one. In order to find the state 
equation one must start with extensive experimental data, 
differentiate them, and use the resulting functions as coefficients in 
a partial differential equation, which is solved numerically. Con- 
sidering the scatter which the original experimental data will be 
heir to, it appears that the reasonable accuracy of the final re- 
sults, obtained after all these numerical-calculus procedures, may 
well be open to question. A more usual and reliable way to use 
experimental data is to check a theory already developed, to 
decide between several theories, or to determine the unknown 
parameters in an otherwise complete theory. In this way, a 
minimum amount of numerical work has to be done on the data, 
most of the mathematics being involved in the theory. 

In the present case of equations of state, a great body of 
theory is already available for constructing them, at least in the 
most interesting cases involving mixtures of monatomic and 
diatomic gases. This body of theory is, of course, statistical 
mechanics, supported by quantum theory and spectroscopic 
observations. It would seem that this is the best way to deter- 
mine the equation of state under conditions of ionization and dis- 
sociation whenever possible. 

Direct flow observations are useful in determining whether 
or not chemical equilibrium is reached during flow processes, and 
thus obtaining information about reaction rates and relaxation 
rates. This does not require, however, the rather involved 
mathematics developed in the present paper, but can be done 
again by using experimental data to choose between various 
theories or to determine the values of some unknown parameters. 

However, in the case of substances with very complex molecules, 


* Senior Scientist, Avco Research Laboratory, Everett, Mass. 


8 
ov 
om _ (:—2) 1 
OPo 
[63] 
and 
k—1 
Som 
v—b K - 
or 


JANUARY, 1958 


the techniques developed in the present paper may well provide a 
useful method of attack. 


F, Lanpis.2 The author’s paper represents a thorough and 
complete specification of the thermodynamic relationships be- 
tween the equation of state and wave, and shock front character- 
istics. There is, however, one instance where the mathematical 
elegance of establishing the existence of the Huguoniot function 
by Caratheodory’s method hides the essential physical simplicity 
of the relationships. 

Before proposing an alternate and simpler explanation, it will be 
desirable to rephrase the author’s usage of ‘‘adiabatic” to bring it 
in line with conventional American engineering usage. The 
paper uses “isentropic’’ and “‘adiabatic’’ interchangeably; an 
adiabatic process should be specified when no heat transfer occurs 
across the system boundary, an isentropic process denotes con- 
stant entropy and for an adiabatic process specifies reversibility. 
Also the density and the specific volume are not related by the 
acceleration of gravity, as indicated in the paper, but rather 
by the dimensional proportionality constant relating mass and 
force. 


STAGNATION 
CONDITION 


ISENTROPIC 


Fic.5 D1aGram FoR Nozz_Le Flow 


The proof of the existence of the Huguoniot function can be 
demonstrated as follows: Assume that the gas is expanded isen- 
tropically through a nozzle to supersonic velocity from an initial 
stagnation state. This is illustrated in Fig. 5, subscript s de- 
notes the stagnation state, z the supersonic state, and y the 
equilibrium condition following a normal shock. For an observer 
at rest with regard to the shock the following equations apply 
(the nomenclature used is identical to that of the paper) 


Continuity equation pw, = p,w, 
Momentum equation p,—p, = pyw,*—p,w,?.... 


2 
Wy 


2 


hy + 


u 
Energy equation h, + 2 


* Associate Professor of Mechanical Engineering, New York Uni- 
versity, New York, N. Y. Assoc. Mem. ASME. 


Equation of state 
at both z and y 


h,= h(p,, 
h, = A(p,, Py) 


These five equations contain eight variables and therefore fully 
define the conditions downstream of the shock in terms of the 
upstream conditions (p,, p,, and w,). By specifying equilibrium 
before and after the shock and demanding that the momentum, 
continuity, and energy equations are satisfied for a frictionless, 
adiabatic, but not isentropic process, the property relations across 
a normal shock are uniquely related. In gas dynamics, the end 
points z and y correspond to the intersection of the Fanno and 
Rayleigh lines. Since the process from s to z is both isentropic 
and at constant stagnation enthalpy h,, w, must be uniquely re- 
lated to p,and p,. For the over-all adiabatic process (h, = const) 
the conditions across the shock are then fully defined in terms of 
P., Pz, and p,. For the sake of simplicity, the foregoing explana- 
tion was given in terms of an observer at rest with regard to the 
shock but the results can be transformed easily with reference to 
an observer at rest in the stationary gas ahead of a normal shock 
moving with constant speed. 

The author’s principal result is a differential equation relating 
the thermodynamic properties (Equation [40]). This requires 
a series of fifteen numerical or graphical integrations to yield 
an equation of state. Even assuming extraordinary ingenuity 
and accuracy in the instrumentation combined with a wide range 
of experimental points, the inaccuracies inherent in such a series 
of integrations make the search for a reliable equation of state a 
formidable task. Would not the assumption of a generalized 
equation of state in terms of virial coefficients lead to a more 
direct solution by an experimental determination of the virial 
coefficients? 

It also should be noted that all shock derivations in the paper 
are based on the assumption of thermodynamic equilibrium states 
before and after the shock. No information on the equation of 
state can therefore be gained if relaxation phenomena enter. 


J. M. Ricnarpson.” It is this writer’s opinion that this paper 
is too complicated in its mode of presentation of a situation which 
can be described in rather simple terms. It is believed that the 
main features are badly obscured by analytical details which might 
better be relegated to appendixes. 

The main features of the paper may be summarized as follows: 
Measurements of any pair of the three quantities U, v, or p 
(author’s notation) just behind a rarefaction or shock front give 
incomplete information concerning thermodynamic properties. 
Complete information is contained in any integral of the funda- 
mental differential form 


dh = Tds + vdp 
For instance, complete information is contained in either 
h = h(p, 8) 
or 8 = s(h, p) 
Now just what information is given by either rarefaction or 
shock experiments, and in what way is it incomplete? 


In a set of rarefaction experiments in which U is measured as 
a function of p, we obtain 


v = f(s)] 


when f(s) is an unknown function of entropy; in other words we 
have a set of unlabeled adiabatics in the pu-plane. This is all the 
information that is given by the rarefaction experiments by them- 
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selves. What additional information is required? Consider 
the contour p = poin the pu-plane. We have chosen this contour 
for simplicity; any other contour crossing adiabatics will do just 
as well. In order to determine the function f(s) we must know s 
as a function of v on this contour. We now have 


u(p, 8) 


This does not yet constitute complete information. 
the derivatives of A in the ps-plane; namely 


Integration of this equation along an adiabatic gives 


It is one of 


h(p, 8) = o(p, s)dp + h(po, 8) 


Thus if h is known as a function of s (or of v, since we already know 
s as a function of v) on the contour p = po, the determination of 
thermodynamic properties is complete. 

It is not known why the author is interested only in the usual 
equation of state v = v(p, T). The necessary additional data 
used in going from the information embraced in v = v(p, s) to that 
inv = v(p, T) could just as well be used in arriving at h = h(p, s) 
giving complete information. 

In the shock experiments, similar measurements yield 


1 
h(p, v) = h( po, vo) + 2 (v + vo)(p—Do) 


Thus h(p, v) is known if h is known on a contour of initial states 
in the po-plane. However h(p, v) does not embrace all of the 
thermodynamic properties. Let us recast the results in the form 
v = v(h, p). In the hp-space the entropy s gives complete in- 
formation but v is only the ratio of partial derivations of s, i.e., 


- G). 


In other words, we know only the unlabeled adiabatics in hp- 
space. The required additional information is the entropy along 
a contour of initial states in hp-space. 

In the paper there are a number of errors. For instance, just 
before Equation [1], instead of U = c—u, it should read U = 
c + u. In the second equation, the sign of the first right-hand 
expression should be negative. In Equation [1], the sign of the 
second expression should be positive. 
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AUTHOR’s CLOSURE 


In thermodynamics, more than elsewhere, there are various 
ways of approaching a problem. It is gratifying that Messrs. 
Kemp, Landis, and Richardson have presented their points of 
view, and the reader can only profit by comparing them with the 
procedure in this paper. In the following, reference will be made 
to the controversial points of the discussions only. 

The propagation velocity of the rarefaction waves refers to 
arrival of the signal at the stationary gages, as illustrated by Figs. 
land 2. A wave traveling against the particle flow has, relative 
to these gages, the velocity U = ¢ — u. The signs in Equation 
[1] conform to this interpretation. 

There is a long path from the statement of a problem to its 
solution; when this path involves a series of significant steps, the 
appendix is not the place to present them. 

A virial equation for the Hugoniot curves would be 


by = RT 


with T unknown along these curves. For the region of pressures 
and densities in question, the functions b, are likewise supposed 
to be unknown; this is the premise of the entire paper. The 
author is unable to see how, under these circumstances, the virial 
coefficients can be determined from experiments. 

The author does not approach a thermodynamic problem with 
a philosophy of his choice; he simply shows that, when shock 
wave experiments are used to determine the equation of state as 
was done by various authors, then the thermodynamic relations 
which connect the experimental shock curve data to the equation 
of state are those derived in the paper. The information obtained 
may not be as simple as some readers would like; they may find 
comfort in the fact that they have to deal with nothing worse 
than a linear differential equation of the first order. 

Keeping in mind that the study in the paper applies to the re- 
gion of extreme pressures (i.e., not less than 100,000 atmospheres), 
the principal unknown quantity is the interaction energy of the 
molecules. The statistical theory for the fluid state in question 
(cell and cluster theory) employs, in the derivation of the con- 
tribution of potential energy to the partition function, a succes- 
sion of approximations probably excluding from applicability the 
region of interest in this paper. This dilemma is avoided by the 
phenomenological method employed in the paper. The author is 
well aware of the difficulties involved in the evaluation procedure 
but believes that they are not insurmountable. 


The Viscosity of Five Gases: 
A Re-Evaluation 


By J. KESTIN' anp H. E. WANG,? PROVIDENCE, R. I. 


The paper contains a re-evaluation of the experimental 
results for the pressure dependence of viscosity obtained 
by Pilarezyk and described by Kestin and Pilarczyk. The 
re-evaluation is based on an improved theory of the os- 
cillating-disk viscometer described by Kestin and 
Wang. The results for air, nitrogen, argon, helium, and 
hydrogen are given in graphical and tabular form as well 
as in the form of empirical equations. The range covered 
is 1 to 70 atm at 25 C. The results constitute a relative 
measurement which is based on Gibson and Michels’ 
data for nitrogen. Very good agreement with previously 
published data for nitrogen, air, and hydrogen has been 
reported. In the case of helium no comparative data 
could be found and in the case of argon there is good agree- 
ment with the data published by Michels and others but 
the difference in absolute values is somewhat higher than 
for the preceding three gases. The agreement as to rate 
of change with pressure is excellent. It is believed that 
the data now reported contain an uncertainty of no more 
than 0.2 per cent for nitrogen, air, hydrogen, and helium 
and of not more than 0.6 per cent for argon with respect to 
nitrogen. The data have been summarized in Table 1. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
b 
B’ 
B’ 
B sre 


= separation between fixed plates and oscillating disk 
harmonic mean value of separation [=2bb2/(b, + 
mean value of separation [=1'/2(b; + be)] 
third-order mean value of separation [=!/2(b,3 + 2*)] 
edge-correction factor 
= thickness of disk 

moment of inertia of oscillating system 

radius of disk 


=) 
pod 
period of oscillation 


period of oscillating system in vacuum 

ratio of boundary-layer thickness to radius (= 6/R) 
damping decrement (= A/2m) to base e 

damping decrement in vacuum 

boundary-layer thickness [= +/ (v/w»)] 

absolute viscosity of fluid at 1 atm and 25 C 
density of fluid 

density of disk 

ratio of periods (= 7/7») 

absolute viscosity of fluid 


similarity parameter ( 


pressure 
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kinematic viscosity of fluid 
natural frequency of oscillating system 


INTRODUCTION 

Method of Evaluation. In a paper published in 1954, Kestin 
and Pilarezyk (1)* gave the results of their measurements of the 
viscosity of five gases in an oscillating-disk viscometer. It was 
pointed out at the time that the measurement was inherently 
more accurate than the evaluated results, and it was found that 
this was due to shortcomings in the then existing theories of the 
instrument. 

Considerable progress towards an improved theory was made 
by Kestin and Persen (2, 3, 4) who provided a rational analytical 
basis for the solution of problems involving slow oscillations of 
various axisymmetrical bodies in a viscous fluid. The aspect 
of the motion for which no exact solution so far has been obtained 
is the influence of the edges of the disk on its motion. It has 
been pointed out earlier that the existence of edges markedly in- 
creases the gradient of angular velocity near them and thus in- 
creases the drag on the disk. However, Kestin and Wang (5) 
succeeded in deriving a semiempirical edge-correction factor 
C defined as the ratio of the real viscous moment M (inclusive 
of edge effect) to the ideal viscous moment M.~ based on the 
infinite-disk solution from reference (2) and on the infinite- 
cylinder solution from reference (3). 

It has been shown in reference (5) that for a given suspension 
the edge-correction factor C is a function of the ratio 6/R of the 
boundary-layer thickness 


5 = = 


where v is the kinematic viscosity and w) = 27/7 is the natural 
frequency of the system, to the radius of the disk R. 

With the improved theory at hand it is now possible to re- 
evaluate the results given in reference (1), with the experimental 
values as given by Pilarczyk (6). The re-evaluation, the re- 
sults of which are given in the present paper, has been based 
on the relationship between C and 2) = 6/R given in fig. 7 of 
reference (5). A diagram drawn to a larger scale is available for 
more accurate interpolation. Since the majority of the points on 
the diagram have been obtained with the aid of viscosity of ni- 
trogen at varying pressures given by Michels and Gibson (7), the 
new method amounts to a calibration of the instrument, ex- 
tended over the whole range of pressures, and based essentially 
on Michels’ and Gibson’s data on nitrogen. The latter have 
been obtained with a Rankine type capillary viscometer and are 
thought by the present authors to constitute the best data avail- 
able. 

The calculations are based on equation [30a] of reference (5); 

R? V2 rpRd 


namely 
(s + B'd 2 I V0 
3 
8 + 


31 

3 Numbers in parentheses refer to the Bibliography at the end of 

the paper. 
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The calculations have been made by successive approximations 
in each case. First a value of x is obtained with a guessed value 
of C [actually based on the preliminary results in reference (1)]. 
From this a new value of C is found from the C(x») diagram re- 
ferred to previously, and a corrected value of zo is obtained. The 
process was repeated as long as necessary to obtain four signifi- 
cant figures in the result. The viscosity was then calculated 
from the definition of zo, so that 


2 2 
( ) = 2.31157 x2p 
0 


The numerical values used are based on reference (6). 
are as follows 


R = 3.4992cm d= 0.1080 cm 
To = 33.282 sec B’ = 0.096446 cm 


They 


B’ = 0.09650 cm? 
= 0.00090014 cm? 


We now propose to discuss the results in detail for each of the 
five gases, and to compare them with other available data. 
The degree of purity of each gas was given in reference (1), and 
the density was calculated in the same way as in reference (1), 
i.e., from the compressibility factors in the International Critical 
Tables. All values of viscosity have been corrected to a uniform 
temperature of 25 C, as against 20 C or 21 C in reference (1). 

On the whole, the corrections introduced at present in com- 
parison with the now obsolete data in reference (1) are not 
large in absolute value. The maximum deviations for the five 
gases were as follows: j 


Per cent 
Nitrogen........ 
Argon.... 
Helium... . 
Hydrogen... . 
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but the general trend of the variation with pressure seems to 
have changed. In most cases the new values are higher at lower 
pressures, and lower at higher pressures, giving a more gradual 
increase in viscosity with pressure compared with the one re- 
ported in reference (1). It is quite clear that the use of Mac- 
wood’s (8) theory for finite separation between the disks for the 
evaluation of experimental results, as in reference (1), leads to 
values of viscosity which are considerably too high at higher 
pressures. 


NITROGEN 


The experimental data for nitrogen are given in Fig. 1, curve 
a. In view of the adopted method of calibration, they agree 
closely with the data due to Michels and Gibson (7). The mean 
curve drawn through the points can be represented by the equa- 
tion 


= 148958 x 10-“(p — 1) + 6.120 X 10-7 (p — i)? 


+ 3.997 X 10-* (p — 1)? at 25... 3] 


where p is in international atmospheres, and yu, denotes the vis- 
cosity of nitrogen at 1 atm. The recommended value is 


M, = 1778 X 107 poise at 25 C 


and can be compared with the following data interpolated from 
published tables: 

1774 10~ poise, Rigden'’s measurements (9) 

10~ poise, calculated by Hirschfelder, et al. (10) 

10-7 poise, measured by Johnston and McClosky (11) 

10-7 poise, Vasilesco’s measurements (12) 

10-7 poise, calculated by Bonilla, et al. (13) 

10~7 poise, recommended by National Bureau of Standards 


1778 


10-7 poise, calculated with Keyes’ empirical formula (15) 


The value of uw, adopted in Equation [3a], believed to be 
accurate to 0.1 per cent, does not deviate from these values by 


prio” 
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TABLE 1 VISCOSITY OF FIVE GASES AT 25 C AND AT DIFFERENT PRESSURES— z-POISE 
P, Nitrogen Argon Helium Hydrogen 
atm Ne Air A He H: 
1 1778x107 2262K107 1981x107 892.3 x 107 
2 1841 2264 1984 892.4 
5 1784 1845, 2270 1984 892.8 
10 -:1793 1854 2281 1985 893.5 
20-1809 1872 2305 1985 894.8 
30 1890 2330 1987 896.3 
40-1846 1911 2357 1989 898.0 
50-1867 1932 2386 1992 900.1 
60-1890 1954 2417 19964 902.8 
70-1916 1978 2449 20004 906.3 
80 19462 20209 20064 910.64 
19782 20534 25194 916.02 
100-2015 25564 922.62 
Extrapolated. 
more than 0.7 per cent. The largest deviation of a measured yu 
(p — 25 (p — 1)? 
point from the mean curve does not exceed 0.1 per cent. The y, 1 + 8.528 X 10~¢ (p — 1) + 4.225 X 10% (p— 1 
temperature correction used in the foregoing calculations was —9.790 X 10 (p — 1)9 at 25C...... (4) 
4.55 X 10° poise/deg C The recommended value for yg is 
i.e., the same as in reference (1). uu. = 1839 X 10-7 poise at 25C.......... {4a] 


Values of the viscosity of nitrogen at different pressures at 
25 C have been calculated from the data in Equations [3] and [3a] 
and are given in Table 1. 

The present results have been compared with those reported 
in the Bureau of Standards “Tables of Thermal Properties’’ 
(14) and the data due to Sibbit, Hawkins, and Solberg (16). The 
two sets are given as curves b and c in Fig. 1, respectively. 

From a comparison of curves, a, 6, and c in Fig. 1, it is seen 
that the values given in reference (14) are correct at lower pres- 
sures but deviate systematically downwards as the pressure in- 
creases, For example at 70 atm the value given in reference 
(14) is too low by 1.5 per cent. 


AIR 


The experimental data for air are given in Fig. 2, curve a, and 
in Table 1. The mean curve drawn through the points can be 
represented to within 0.1 per cent by the equation 


This can be compared with the following determinations: - 


1838 X 10~? poise, recommended by National Bureau of Standards 
(14) 

1842 X 10~ poise, measured by Vasilesco at 21.3 C and corrected (12) 

1839 &K 10-7 poise, measured by Houston at 22 C and corrected (17) 

1842 X 107-7 poise, calculated by Bonilla, et al. (13) 

1824 X 107-7 poise, measured by Nasini and Pastonesi (18) 

1843 X 10-7 poise. calculated with Keyes’ empirical formula (15) 


The value uw, adopted in Equation [+a] differs by 0.1 per cent 
from the value measured directly, and the maximum devia- 
tion from the foregoing values does not exceed 0.8 per cent. 

Unfortunately, there are no highly precise data for the vari- 
ation of the viscosity of air with pressure. The data due to 
Nasini and Pastonesi (18) seem to be in considerable error over 
the whole range, but the present results are in excellent agreement 
with Kellstrém’s (19) over a range of pressures from 1 to 30 atm. 
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The measurements due to Golubev (20) agree tolerably well 
at lower pressures, but deviate upward progressively as the pres- 
sure is increased. The error reaches a value of 1.5 per cent at 50 
atm. 

Iwasaki (21) performed measurements with the aid of an os- 
cillating-disk viscometer with infinite separation and used Mac- 
wood’s theory (8), for the evaluation of his experimental results. 
As already pointed out in reference (5), Iwasaki used three instru- 
ment constants, one for every temperature. The use of one 
instrument constant over a range of pressures would lead to 
values which are too low at higher pressures, and too high at 
lower pressures. This contention is fully confirmed by the 
course of curve c in Fig. 2. 

The NBS Tables (14) do not list the variation of the viscosity 
of air with pressure. The value at 1 atm and 25 C listed in 
reference (14) is in excellent agreement with the present value. 

The temperature correction used in the foregoing calculations 
was 


4.78 X 107 poise/deg C 
i.e., the same as in reference (1). 


ARGON 


The experimental data for argon are given in Fig. 3, curve a, 
and in Table 1. The mean curve, and the values in Table 1, 
correspond to the equation 


= 1+ 8.945 x (p — 1) + 4.930 X 10 (p — 1)? 


— 7.200 X 10-* (p — 1)? at 25C..... . [5] 


which reproduces the experimental data to 0.2 per cent. The 


recommended value for yu, is 
M, = 2262 X 107 poise at 25 C 


which can be compared with the following published data: 


TRANSACTIONS OF THE ASME 


10-7 poise, measured by Westermoreland* 

10-7 poise, recommended by Bonilla, et al. (22) 

10-7 poise, measured by Johnston and Grilly (23) 

10~* poise, calculated by Hirschfelder, et al. (10) 

10~? poise, calculated with Keyes’ empirical formula (15) 
10~? poise, measured by Vasilesco (12) 

10-7 poise, recommended by National Bureau of Standards 


The value of uw, adopted in Equation [5a] differs by 0.17 per 
cent from the value measured directly, and the maximum devi- 
ation from the foregoing values does not exceed 0.9 per cent. 
The value given in reference (14) is higher by 0.9 per cent. 

The only other known measurements on the variation of the 
viscosity of argon with pressure are due to Michels, Botzen, and 
Schuurman (24); they are seen plotted as curve b in Fig. 3. It 
is seen that the trend of the variation with pressure is identical 
for both sets of measurements, but the actual values reported in 
reference (24) seem to be consistently lower by 15 &K 1077 poise 
or 0.6 per cent approximately. 
nations for this deviation. 


There are two possible expla- 
First, the argon used in reference (24) 
may have been of a higher degree of purity than the 99.8 per 
cent pure argon used in reference (1). On the other hand, the 
value of uw, = 2250 X 1077 poise given in reference (24) seems 
to be smaller than all other values quoted in the foregoing, with 
the exception of Vasilesco. Bonilla, et al. (22) recommended an 
almost identical value. 

It must be realized that the systematic deviation exhibited by 
argon may have a deeper root and may show that the method 
of evaluation given in reference (5) and used here shows signs of 
breaking down for large combined values of density and vis- 
cosity, as is the case with argon. It is just possible that the 
ratio 


C= M/M, 


is not completely independent of the nature of the gas, and this 


* Private communication from Mr. H. 8. Bean of the National Bu- 
reau of Standards. 
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naturally would come to the fore most forcibly with argon for 
which the similarity parameter m is large. 
The temperature correction used in the computation was 


6.37 X 1077 poise /deg C 
i.e., the same as in reference (1). 
HELIUM 


The experimental data for helium are given in Fig. 4, curve a, 
and in Table 1. The mean curve and the values in Table 1 
correspond to the equation 


1 + 9.525 X 10-* (p — 1) + 1.684 X 10> (p — 1)? 
Me 
— 8.000 X 107 (p — at 25.C..... .[6] 


KM, = 1984 X 1077 poise at 25 C.. . [6a] 


and with a maximum deviation of 0.2 per cent. For comparison, 


the following data are given: 


1976 X 10-7? poise, measured by Vasilesco and corrected for temper- 
ature (12) 

1976 X 107-7 poise, measured by Johnston and Grilly (23) 

1998 10-7 poise, meacured by van Itterbeek and Keesom (25) 

1977 X 107-7 poise, calculated with Keyes’ empirical formula (15) 

1957 X 107? poise, calculated by Hirschfelder, et al. (10) 


The value of uw, adopted in Equation [6a] differs by 0.2 per 
cent from the value measured directly, and the maximum devi- 
ation from the alternative data does not exceed 1.4 per cent. 
Reference (14) contains no data on helium. 

There seems to be no alternative determination of the vari- 
ation of the viscosity of helium with pressure so that no compari- 
son can be made. 

The temperature correction used in the foregoing calculations 
was 


4.64 X 1077 poise/deg C 


which is the same as that quoted in reference (1). 
HyYpROGEN 
The experimental data for hydrogen are given in Fig. 5, curve 
a, and in Table 1. The mean curve and the values in Table 1 
correspond to the equation 


1+ 1.571 X 10-4 (p — 1) — 9.789 X 1077 (p — 


a 
+ 2.888 X (p — 1)? at 25 C 
which reproduces the experimental data to 0.2 per cent. The 
recommended value for yu, is 


M, = 892.3 X 1077 poise at 25 C.. [7a] 


which can be compared with the following data: 


892.1 X 1077 poise, recommended by 
National Bureau of Standards (14) 


890.7 X 1077 poise, calculated with Keyes’ empirical formula (15) 


The value of uw, adopted in Equation [7a] differs by 0.1 per 
cent from the value measured directly, and the maximum devi- 
ation from the values due to the other authors does not exceed 
0.12 per cent. The value given in reference (14) is in excellent 
agreement with that adopted here. 

The present values have been compared with those due to 
Gibson (26), Michels, Schipper, and Rintoul (27), and Kuss (28). 
The agreement is excellent, except for the value given by Kuss 
at 50 atm. This seems to be too low by 1.1 per cent. Excellent 
agreement with the mean curve derived by Woolley, Scott, and 
Brickwedde (29) also can be reported. 

The temperature correction used in the foregoing calculations 
was 


2.00 X 1077 poise/deg C 


i.e., the same as that in reference (1). 
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CONCLUSION 


The preceding detailed evaluations and comparisons seem 
to warrant the following general statements: 

The pressure effect of the viscosity of air, hydrogen, and 
helium at 25 C and in the range 1-70 atm is reproduced by 
the empirical Equations [4], [6], [7], together with the Reference 
Values [4a], [6a], [7a] with an uncertainty believed to be of the 
order of 0.15—0.20 per cent, assuming that the values for nitrogen 
in Equations [3] and [3a], as measured by Michels and Gibson 
(7), can be regarded as standard. The absolute values for these 
four gases are believed to be known with an uncertainty of about 
0.4 per cent at most. 

In the case of argon the uncertainty seems to be somewhat 
larger, but still not exceeding 0.6 per cent with reference to 
nitrogen. 
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Discussion 


F. G. Keyes.’ The values of viscosity of hydrogen, helium, 
nitrogen, argon, and air at 25 C and to 70 atm, reported in 1954 
by Kestin and Pilarezyk using the oscillating-disk viscometer, 
respond quite satisfactorily to the application of the theory ad- 
vanced in this paper. The agreement of the revised values at 
1 atm with similar values, most of which were obtained with the 
capillary-flow method, is all that could be desired. 

The pressure effect in the case of argon is uniformly 0.6 per 
cent greater than the results reported by Michels, Botzen, and 
Schuurman in 1954 (24). It scarcely appears reasonable that a 


small difference in purity of '/; per cent would account for a 
uniform viscosity difference independent of pressure, equal to 


* Professor of Physical Chemistry, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. ASME. 
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0.53 per cent. Were the impurity nitrogen in the authors’ argon 
and the argon of reference (24) 100 per cent in purity, the viscosity 
of the 99.8 per cent argon of the authors is estimated to be at 
most three of the 10-7 poise units lower. It is significant per- 
haps that the one atmosphere value, namely 2250, of reference 
(24) is lower than the mean of the seven cited values; i.e., 2261. 
The authors’ suggestion that M/M, may not be independent of 
the nature of the gas, particularly as heavy a gas as argon, should 
be explored possibly by employing xenon, the heaviest of the 
rare gases. 


Autuors’ CLosuRE 


The authors appreciate Professor Keyes’s remarks and interest 
His suggestions will be taken up in future work and reported in 
due course. In a private communication Professor Keyes ex- 
pressed interest in a correlation of the results given in the paper 
on the basis of density, having found that the variation of the 
difference 4 — uw, is a function of density alone. Our data 
correlate as follows 


10% — = 2(102-839 — 1) 
— = 2(102.7° — }) 
10% — we) = — 1) 

107% — = 2(10%-4" — 1) 

10% — = 2(10'73.% — 1) 


for nitrogen® 
for air 
for argon 
for helium 
for hydrogen 


The equations obviously imply that the atmospheric value yu, 
is identical with that for the limit of zero density. 


* Calculated by Professor Keyes on the basis of the data of the 
paper. The authors wish to acknowledge Professor Keyes’s help in 
this matter. 


Convection Heat Transfer and Pressure Drop 


of Air Flowing Across In-Line Tube Banks 


Part I—Apparatus, Procedures, and Special Effects 


By C. E. JONES! anv E. S. MONROE, JR.? 


This paper, the first of two companion papers, describes 
the equipment and computational methods used in an 
experimental program carried out at Cornell University 
under the sponsorship of The Babcock & Wilcox Company. 
Eighteen arrangements of 10-row, in-line tube banks were 
tested for crossflow heat transfer and flow-resistance per- 
formance, and sixteen additional arrangements were 
tested for flow resistance only. The interaction of trans- 
verse tube rows, the effect of tube-bank turbulence, the 
effect of temperature level, and the noise associated with 
some abnormally high flow resistances are discussed. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


Cp 


D 


specific heat, Btu/lb deg F 

outside tube diameter, ft 

mass flow rate through minimum flow area between tubes, 
Ib/hr-sq ft 

heat-transfer coefficient, Btu/hr-sq Tt-deg F 

= thermal conductivity, Btu/hr-sq ft-deg F/ft 

spacing of tubes longitudinal to direction of flow, ft 

spacing of tubes transverse to direction of flow, ft 

pressure drop across tube bank corrected for acceleration 
effects, lb/sq ft 

absolute viscosity, lb/ft-hre 


INTRODUCTION 


Since the publication of Grimison’s (1)* correlation of Pier- 
son’s (2) and Huge’s (3) heat-transfer and pressure-drop data 
in 1937, few additional data have been published for gases flowing 
across in-line tube banks. As time went on, the rise of fluid- 
temperature levels and the associated use of more expensive 
metals made the accurate prediction of metal temperatures an 
increasingly important subject in the design of many types of 
heat exchangers, such as shell-and-tube heat exchangers, and 
steam-generating units. An increased use of in-line tube banks 
in modern steam-generating units, because of the relative ease 
with which they are cleaned, resulted in a critical analysis of the 


1 Analytical Engineer, The Babcock & Wilcox Company, Research 
Center, Alliance, Ohio; formerly, Instructor, Department of Thermal 
Engineering, Sibley School of Mechanical Engineering, Cornell 
University, Ithaca, N. Y. Assoc. Mem. ASME. 

2 Engineer, E. I. du Pont de Nemours and Company, Wilmington, 
Del.; 
gineering, Sibley School of Mechanical Engineering, Cornell Uni- 
versity, Ithaca, N.Y. Mem ASME. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 25-30, 1956, of THe 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
July 31, 1956. Paper No. 56—A-126. 


formerly, Assistant Professor, Department of Thermal En-. 
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Pierson and Huge data. These factors led to the inception of a 
program to increase the knowledge of heat transfer and pressure 
drop in crossflow, in-line tube banks by testing more arrange- 
ments and by extending the Reynolds-number range. Three 
groups of tests were run. 

The first series consisted of testing 18 arrangements* over a 
range of Reynolds numbers from 2000 to 40,000. No special 
care was taken to maintain a particular inlet-air temperature. 
The data from this group are referred to as Monroe data (Ist 
series ). 

The second series of tests was performed to give data at lower 
Reynolds numbers and to investigate the effect of air-temperature 
level upon bank performance. Air temperatures were varied 
from 300 to 700 F and the Reynolds number was varied to as 
low as 600. Three previously tested arrangements were used. 
The data from this group are referred to as Monroe data (2nd 
series). 

The third series consisted of isothermal pressure-drop tests 
on 24 arrangements. The data from this group are referred to as 
Fairchild data. Fig. 1 shows the arrangements that were tested 
in this three-part program. 
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TESTED 


This and its companion paper constitute a partial report of the 
knowledge gained from this program. Each paper will cover a 
different aspect. 

This paper will describe the test equipment, test procedures, 
instruments, and calculation methods as well as the details of 
several interesting phenomena uncovered during the test pro- 
gram. 

The second paper (6) will present the results obtained from 


‘The arrangement of a tube bank is conveniently classified in 
terms of the pitch in number of tube diameters. Thus the term 
Sr/DXStz/D refers to the transverse spacing by longitudinal spacing. 
A 2X3 arrangement, for example, has a pitch perpendicular or trans- 
verse to the direction of flow of 2 tube diameters, and a back spacing 
or pitch longitudinal to the direction of flow of 3 tube diameters. 
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testing the 10-row tube banks, previously published data, and 
several correlations of these data. 

A more complete report on these subjects, plus data tabula- 
tions, is being prepared as a Bulletin to be published by The 
Cornell University Engineering Experiment Station. 


Tue Test 


The test apparatus may be described as a vented, closed- 
circuit wind tunnel in which electrically heated air was cooled 
by passing over water-cooled tube banks. The apparatus con- 
sisted of three major elements; namely, the tube bank, the air 
circuit, and the water circuit. These circuits are described in the 


following. 

The Tube Bank. Tach tube bank consisted of ten active rows 
in the direction of flow, each row consisting of ten tubes trans- 
verse to the direction of flow. All tubes were 12 in. long and 
were made of '»-in-OD, No. 18 gage, seamless brass. Each tube 


P was silver soldered, with the aid of a ferrule, to a brass header of 
only '/. in. width. A sheet-metal manifold was soft soldered to 
the brass header. Since the overlapping parts of the manifold 
were kept to a thickness of less than !/2 in. the longitudinal pitch 
of the cores could be reduced to one diameter. Larger longi- 
tudinal pitches were obtained by the use of appropriate spacers. 
Side plates were fitted at a distance of one half of the transverse- 
tube pitch when measured from the center line of the outside row 
of tubes. Rows of six different tube pitches transverse to the 
direction of flow were constructed in the range of 1'/, to 6. 
With the aid of spacers, these rows were combined in banks 
having different longitudinal pitches in the range of 1 to6. Seven 
different longitudinal pitches were tested. A single transverse 
row is shown in Fig. 2. An assembled tube bank of 10 trans- 


Fie. View or an AssemBLep Bank 


verse rows is shown in Fig. 3. 

The Air Cirenit. A sheet-metal duct was assembled as shown — in Fig. 4. Electrically heated air was circulated and mixed by a 
variable-speed fan. Upon leaving the fan, the air entered a 
straightening section suitable for the test bank being studied. 
Thermopiles located in egg-crate-type radiation shields built of 
No. 23 gage sheet aluminum were mounted upstream and down- 
stream from the test core. On the return side, a sharp-edged 
orifice with suitable straightening sections was installed to 
measure the air flow. There was a vent to atmosphere down- 
stream from the orifice. For the second series tests, a recircula- 
tion duct was provided to bypass the orifice and test section. 
This prevented overheating the fan when high air temperatures 
at the inlet section of the tube bank were coupled with low air 
flows. 

During the first and second series tests, performed by Mon- 
roe, the pressure drop across the test core was measured by means 
of a differential micromanometer connected to single static- 
pressure taps located immediately before and after the tube 
bank. For the third series tests, the single pressure taps were 
modified by using a four-tap piezometer ring arrangement. 
Straight lengths of thin-wall steel tubing were placed upstream 
from the test core to straighten the velocity-of-approach profile. 
Also, an 8-in-diam duct was installed parallel to the 24-in-diam 
return duct to permit the use of a smaller orifice plate without 
exceeding the range of the ratio of orifice diameter to pipe diame- 
ter covered by the orifice coefficients found in Part 5 of the 
“Supplement on Instruments and Apparatus’’ of the ASME 
Power Test Code. These modifications showed at most only a 
minor change in pressure-drop measurements when compared 
with the results of the first and second series tests. 

Seven banks of a-c electric heaters were controlled manually 
in steps of 6 kw each. A co uwunuous-balance recording po- 
tentiometer-controller adju- .ne field of a 30-kw motor-gen- 
erator set supplying direc. . * 21 * to a separate bank of electric 
Fic. 2. View or a Transverse Tube Row ; heaters. The controller, installed for the second series tests, 
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could be set to maintain either a constant inlet-air temperature 
to, or a constant average bulk-air temperature within, the tube 
bank. Use of the controller eliminated the need for waiting for 
thermal equilibrium in parts of the circuit preceding the tube 
bank, as was necessary during the first series tests. 

Air flow to the test core was controlled by adjusting the fan 
speed and the main-duct damper. A damper in the recirculation 
line gave additional control in the second series tests. 

All air-side thermocouples were made of 30-gage iron-con- 
stant .n wire with a bare hot junction and an ice-bath reference 
junction. These thermocouples were used in groups as thermo- 
piles. Special switching arrangements permitted reading each 
thermocouple to determine the temperature distribution ‘in the 
entering and leaving sections of the tube bank. All emf measure- 
ments were made with a Leeds and Northrup, Model 8662, 
potentiometer. 

All ducting was heavily insulated with either rock wool or 
vermiculite carried in a trough. 

The Water Circuit. Each transverse row of ten active tubes 
was cooled by circulating water as shown in Fig. 5. Each of 
these rows had its own recirculation pump as well as its own 
make-up and bleed line. This system had the advantage of 
using high velocity within the tubes to reduce the water-side 
resistance and to keep the tube surfaces essentially isothermal. 
It also permitted an individual determination of the heat pick- 
up in each transverse row. The amount of water bled was 
adequate for accurate weighing, but still small enough to give a 
sufficiently large temperature difference for easy measurement 
with No. 24 gage copper-constantan thermocouples immersed 
directly in the liquid. 

The water that was in the system was treated with a zeolite 
softener and then further treated with a rust inhibitor. 


CALCULATION METHODS 


During the first series tests, the calculations were performed 
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with the aid of a desk calculator. During the second series 
tests, automatic temperature controls were used, data were 
gathered much more rapidly, and the heat-transfer calculations 
were performed on the digital computer at the Cornell Computing 
Center. 

When calculating the heat transferred to the 10-row tube bank, 
the total quantity of heat given up by the air was calculated from 
the measured air flow, the temperature change of the air, and the 
specific heat at the average air temperature. This transferred 
heat was assumed to be absorbed by the cooling water by way of 
three parallel paths of heat flow; namely, the tubes, the headers, 
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and the spacers. The latter two were calculated and subtracted 
from the total heat given up by the air to obtain the quantity of 
heat transferred to the tubes. 

The individual total rates of heat transfer from the air to the 
active surface of each transverse row were found by apportioning 
the foregoing total rate of heat transfer through all of the active 
surface in accordance with the calculated rate of heat transfer 
from the air to the water in each row. This last-mentioned 
calculated rate was obtained from the weight rate of collection 
and the observed rise in temperature of the water in the bleed 
circuits, with a correction for pump work and ambient heat 
transfer. The individual net rate of heat transfer for each 
transverse row was obtained by subtracting from the individual 
total rate the calculated rate through the headers and spucers. 

To calculate the tube-surface temperature, a water-side film 
conductance was computed. The temperature drop through the 
water film and the tube wall was then computed from the heat 
flux. 

The air flow was measured with sharp-edge orifice plates and 
computed using accepted ASME techniques. The flow was 
adjusted to cause an overlap when orifice plates were changed. 
No inconsistencies were noted. 

The heat-transfer coefficient for the 10-row bank was calcu- 
lated, using the heat transferred through the tubes, the total sur- 
face area of the tubes, and a mean temperature difference. A 
logarithmic mean of the differences between the average tube- 
surface temperature and the terminal air temperatures was used 
for the mean temperature difference. 

The repeatability of the heat-transfer results is evidenced by a 
comparison between the first and second series data in Fig. 6. 


These two series of tests were performed approximately ten 
months apart and, in the interim period, the tube bank and 
adjacent duct work had been disassembled and reassembled. 

When calculating the pressure-drop coefficient, the pressure 
drop measured across the tube bank was corrected for changes in 
velocity caused by cooling the air. 


InpiIvipvuaL-Row Heat-TRANSFER COEFFICIENTS 


The variation of the over-all heat-transfer coefficient with 
the depth of a tube bank of a given arrangement (1, 2, 4) and the 
variation of the heat-transfer coefficient of a single active tube 
with location in a tube bank (5) have been recognized for a num- 
ber of years. It was our intention to study the variation of the 
heat-transfer coefficient within the tube bank to get a better 
understanding of the causes of the variation of the over-all 
heat-transfer coefficient with bank depth. 

Figs. 7 and 8 show how individual-row heat-transfer coeffi- 
cients may vary with arrangement and Reynolds number. It is 
apparent that for all but the very lowest Reynolds numbers, the 
heat-transfer coefficient of at least the first and the last tube 
row varies significantly from that of a tube row in the interior of 
the tube bank. In addition, a relatively constant heat-transfer 
coefficient is achieved or approached in the interior of the tube 
bank. It is also interesting to note the variation of entrance 
and exit effects with Reynolds number. 

The authors would like to describe these characteristics in 
terms of two phenomena which will be referred to as ‘‘tube-bank 
turbulence” and “intertube vortexes.”’ 

Brevoort and Tifford (7), Wallis (8), and Hauser and Dewey 
(9) have described the flow of fluids across tubes in the reports of 
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their visual studies and have substantiated the existence of 
standing vortexes at the trailing surfaces of these tubes. Fig. 9 
offers evidence that these vortexes or eddies do exist and that they 
have a noticeable effect upon the performance of preceding and 
following tubes. In these tests the air flow was held constant, 
while the tube-surface temperature of one row was raised arti- 
ficially by decreasing the bleed-water flow in that circuit. The 
depression of the heat-transfer coefficient for the elevated-tem- 
perature row and the associated elevation of the coefficient for 
the adjacent rows are shown. 

The elevation of the tube-surface temperature would result 
in a rise of the mean temperature of the vortexes in contact with 
this tube row. Therefore a larger portion of the heat transferred 
to the eddies would be transferred to the tubes adjacent to the 
elevated-temperature row, and a lesser portion to the elevated- 
temperature row. This causes the heat-transfer coefficient of a 
transverse-tube row, based upon a calculated mixed mean tempera- 
ture, to vary as shown in Fig. 9. 

Fig. 10 is intended to show further evidence of these effects. 
In this figure are given the individual-row heat-transfer coeffi- 
cients for two different arrangements with inactive tube rows 
placed at different locations. 
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For easier visualization, Fig. 11 was prepared as an inter- 
pretation of the information shown in Fig. 10 when Reynolds 
numbers and tube-surface temperatures are referred to a common 
base. The lower part of the figure shows results for a 1'/, & 1'/, 
arrangement. One curve represents the individual-row heat- 
transfer coefficients of a simple tube bank of ten active rows with 
no inactive rows preceding or following (OI-10A-01). The other 
curve shows the individual-row heat-transfer coefficients that 
were observed when a tube bank of ten active rows was preceded 
by eight inactive rows and followed by two inactive rows (8I- 
10A-21). Active row No. 1 of the (8I-10A-21) tube bank was 
subjected to the same hydrodynamic conditions as active row 
No. 9 of the (OI-10A-O01) tube bank, but note how differently 
they react. This higher value is due to the combined effect of 
the lack of a low-temperature eddy on the upstream face of the 
tubes in the first active row of the (8I-10A-21) tube bank and the 
developed turbulence caused by the inactive tubes. 

Note also that the last active row is influenced by the presence 
of downstream inactive tube rows. The presence of inactive 
tube rows maintains the turbulence level and results in a higher 
heat-transfer coefficient than would exist if no inactive tubes 
were present. 
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This effect is also evident in the upper part of Fig. 11 which 
shows results for a 1'/, X 1 arrangement. One curve represents 
the individual-row heat-transfer coefficients of a simple tube 
bank of ten active rows (OI-10A-O01). The effects of combining 
these ten active rows with two arrangements of inactive tubes 
is also shown. The characteristic decrease of the individual-row 
heat-transfer coefficient with depth in a tangent tube bank is 
not so apparent in this arrangement (OI-1OA-0T) as it is in 
arrangements with larger side spacing, Fig. 7. The (8I-10A-21) 
case shows a more characteristic variation of the individual-row 
heat-transfer coefficient as the equilibrium thermal conditions 
are set up in the eddies due to heating up the boundary layer 
and the effects of tube-bank turbulence are nullified. 

All of these points substantiate the opinion of Kays and 
London (5) concerning testing with single active tubes in a multi- 
row bank that only in those cases where tubulence is very high 
can the results be comparable with those of a fully active tube 


bank. 
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Additional verification of the adverse effects of the cold inter- 
tube eddies was noted when the variation of the 10-row heat- 
transfer coefficient with longitudinal spacing (transverse spacing 
and Reynolds number constant) was studied. When the longi- 
tudinal spacing is increased, the 10-row coefficient is also in- 
creased. When the tubes are widely spaced in the longitudinal 
direction, the eddy can be visualized as not extending to the 
downstream tube. It also can be visualized as having a tempera- 
ture closer to the mean air temperature due to the greater oppor- 
tunity for mixing and crossover from one longitudinal lane to the 
adjacent one. Under these circumstances small variations in 
pitch have little effect. For close longitudinal pitches, the eddy 
can be thought of as contacting the downstream tube and small 
changes in the pitch have significant effects upon the extent of 
this contact. 


TEMPERATURE-LEVEL EFrrects 


The second series tests were performed to evaluate the effects 
of inlet-air temperature level upon the heat-transfer performance. 
Three arrangements, 2 X 1, 2 X 1'/2, and 2 X 2, were tested at 
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temperature levels of 300, 400, 500, 600, and 700 F. The use of 
the logarithmic mean-temperature difference to calculate the 
driving potential for heat transfer as well as the use of the Stan- 
ton number, the Prandtl number, and the Reynolds number 
(properties evaluated at the average bulk-air temperature) to: 
plot the results of these tests seem to have accounted adequately 
for any temperature-level effects. 


Fig. 12 verifies this. 


PRrEssURE Drop 

Only one point of special interest was noted on the subject of 
pressure drop. This had to do with a distinctive rise in pressure- 
drop coefficient at the larger Reynolds numbers with some ar- 
rangements. This hump was clearly evident only during the 
third series tests when the dummy tubes were used. When the 
same arrangements were tested in a water-cooled tube bank, 
only traces of such a rise were found. In addition, the pub- 
lished works of other experimenters do not indicate such a pe- 
culiarity. 

The results plotted in Fig. 13 demonstrate this characteristic. 
Note how the Fairchild results (dummy tubes) demonstrate a 
marked rise in pressure drop at about a Reynolds number of 
18,000 for the 2 X 1'/: arrangement and 25,000 for the 2 X 2 
arrangement, while the Monroe results tend to continue un- 
changed. Since this large pressure difference was accompanied 
by a very loud whistle and high-frequency vibration, it is con- 
cluded that this odd pressure drop was a characteristic peculiar 
to the dummy test core and its natural frequency of vibration. 
It may be that this vibration was stimulated by the shedding of 
vortexes or eddies from the downstream side of the tubes. 


CONCLUSION 


A novel experimental method of determining individual-row 
heat-transfer coefficients in a fully active heat exchanger has 
been used to demonstrate the interaction between transverse 
tube rows of an in-line tube bank. By using this method, the 
achievement of only hydraulic similarity in an in-line tube bank 
has been shown to be inadequate for close spacing and small 
Reynolds numbers. 

The use of the logarithmic mean-temperature difference and 
the Stanton, Prandtl, and Reynolds numbers evaluated at the 
average bulk-air temperature has correlated data successfully 
wherein the inlet-air temperature varied from 300 to 700 F. 
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In addition to the foregoing, the coincidence of large pressure 
drop, high noise level, and high-frequency vibration was ob- 
served and was assumed to be associated with the natural fre- 
quency of vibration of the model heat-exchanger tubes. 
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Convection Heat Transfer and Pressure Drop 
of Air Flowing Across In-Line Tube Banks 
II—Correlation of Data for Ten-Row-Deep Tube Banks 


By A. J. GRAM,' C. O. MACKEY,? ano E. S. MONROE, JR.* 


New heat-transfer and pressure-drop data within a 
Reynolds-number range of 600 to 40,000 obtained from 
model 10-row in-line tube banks are presented in a con- 
ventional form. The new data are compared with pre- 
viously reported results for similar surface arrangements. 
By a process of cross-plotting, heat-transfer and pressure- 
drop factors are shown asa function of tube-bank arrange- 
ment in a series of curves at constant Reynolds numbers. 
Correlations for tube-bank geometry are proposed and the 
precision with which they represent the new and pre- 
viously published data is discussed. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
G = mass-fiow rate through minimum flow area between 
tubes, lb/hr-sq ft 
h over-all surface coefficient of heat transfer for 10-row- 
deep tube bank due to forced convection, Btu/hr- 
sq ft-deg F 
number of tube rows, longitudinal to direction of flow 
height of duct, ft 
width of duct, ft 
pitch of tubes transverse to direction of flow, ft 
pitch of tubes longitudinal to direction of flow, ft 
tube outside diameter, ft 
absolute viscosity, lb/hr-ft 
thermal conductivity, Btu/hr-sq ft-deg F/ft 
specific heat, Btu/Ib-deg F 
mean density of fluid, pef 
density of fluid entering and leaving tube bank, pcf 
pressure drop across tube bank less acceleration loss, 
psf 
pressure drop across tube bank including acceleration 
loss, psf 
dimensional constant, 4.17 X 108 


—, pressure-drop factor, dimensionless 


j ) , heat-transfer factor, dimensionless 
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ratio of minimum flow area to gross duct area 


, dimensionless 


arrangement factor for heat transfer 
arrangement factor for pressure drop 


Stanton number, dimensionless 
Reynolds number, dimensionless 
Prandtl number, dimensionless 


INTRODUCTION 


The intent of the research program at Cornell University is 
to contribute to the knowledge of the performance of in-line tube 
banks in cross flow, particularly as related to the tube-bank ar- 
rangement.‘ Specific objectives of the program are enumerated 
in a companion paper (1),5 which includes a complete description 
of the experimental apparatus, the test and computation proce- 
dures employed, and some special effects that were noted. This 
paper will present the Cornell data of Monroe and Fairchild in 
conventional dimensionless form, compare them with previously 
published data. and show correlations for all available data of 
10-row, in-line tube banks. 

While not all of the many variables which enter the problem, 
such as tube diameter or variable fluid properties, were investi- 
gated at Cornell, the data may be applied to a full-scale system if 
the model theories are sound and properly applied. 

The model must be so related to a geometric and physical 
system that the observations on the model may be used to predict 
accurately the performance of a prototype. By a consideration 
of the system for fluid flow across banks of tubes, dimensional 
analysis indicates that for forced-convection heat transfer 


h GD cu 7 
/ D, D, /D, /D, 
k S7/D, S,/D, y/D, z 
and that for pressure drop 
AP 
p2g 
The dimensionless groups and their arrangement can be in 
other forms, but these can be reduced or transformed to those 


shown in the foregoing. 
The Stanton number h/(c,G) (at any instant) is proportional 


6 S,/D, S,/D, y/D, 2/D, n 


« The arrangement of a tube bank is conveniently classified in terms 
of the pitch in number of tube diameters. Thus the term ‘“(S7/D) X 
(Sz/D)”" refers to the transverse spacing by longitudinal spacing. 
A2 xX 3 arrangement, for example, has a pitch perpendicular or trans- 
verse to the direction of flow of two tube diameters and a backspacing 
or pitch longitudinal to the direction of flow of 3 tube diameters. 

5 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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(by a geometric factor) to the ratio of the heat transferred to 
the heat which would be transferred if the fluid were to assume 
the temperature of the surface. In this sense, the Stanton group 
represents an “‘efficiency’’ of heat transfer. 

The Reynolds number GD/y is widely recognized as a measure 
of dynamic similarity. It expresses the ratio of the inertia forces 
to the viscous shear forces in the fluid. 

The Prandtl number c,u/k refers to fluid properties. Its 
physical significance may be stated as a ratio of the molecular 
diffusivity of momentum to the molecular diffusivity of heat 
through the fluid. 

The group 

AP 


p2g 
referred to as a pressure-drop factor f, is the ratio of pressure drop 
per tube row AP/n to the flow stream kinetic energy per unit 
volume based on the bulk average velocity through the minimum 
cross-sectional area G?/(p2g). This last term G?/(p2g) often is 

referred to as a “‘velocity head.’’ 

The behavior of the Stanton number and the pressure-drop 
factor as a function of the independent groups is unknown, but 


may be determined by experimentation. In the present model 
tests, the following independent parameters were varied: 
GD/y (Reynolds number) (from approx. 600 to 40,000) 
S,/D (transverse pitch) (from 1.25 to 6) 
S,/D (longitudinal pitch) (from 1.00 to 6) 
y/D (ratio of bank width to tube diameter) (from 12.5 to 60) 


Fluid properties were varied only incidentally as the air tem- 
perature varied 


7” (Prandtl number) (from 0.66 to 0.70) 


The remaining parameters were constant. 

z/D (ratio of tube length to tube diameter) = 24 

n (number of active tube rows crossed normal to flow) = 10 

The most generally used tube bank for experimental work con- 
sists of at least 10 rows of tubes. Most often each row is 10 tubes 
wide. The height of a test bank is usually at least 20 times that of 
the tube diameter. By such tube-bank dimensions, investigators 
strive to minimize the effects of the confining duct upon the 
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model tube-bank performance so that the results of the model 
bank can be applied with confidence to any larger-scale tube 
bank. 

The general validity of model theory was demonstrated for 
tube banks by the work of Huge (3), who used tubes of several 
diameters. These data and those of Pierson (2), which were 
obtained with air, have been compared successfully to those ob- 
tained with oil, reported by Bergelin, Brown, and Doberstein (7). 
A tabulation of the physical characteristics of various test ap- 
paratus is given in Table 2. 


DatTA PRESENTATION 


Heat-Transfer Data. The Monroe heat-transfer data for 18 in- 
line tube banks, each bank 10 rows deep, are represented by plots 


of 
h GD 
= 


in Fig. 1. The heavy curves are representative of the data points 
obtained for the first and second series of Cornell tests by Monroe. 
(The second series of Monroe tests consisted of additional runs 
for the 2 X 1,2 X 1'/2, and 2 X 2 arrangements,‘ wherein the 
Reynolds number and air-temperature ranges were extended, 
reference 1.) 

All air properties were evaluated at a mean bulk air tempera- 
ture (rather than a “‘film’’ temperature) following the procedure 
of Kays and London (6). Values used corresponded to those 
tabulated by Keenan and Kaye (8) and are partially shown in 
Table 1. The Prandtl number, though not a test variable, is in- 
cluded to the ?/; power as an approximation of the effect of 


TABLE 1 PrRopeRTIES oF Dry AIR? 


Prandtl 
group 
/k, 
dimen- 

less 


Thermal 
Specific conductivity 


eat Viscosity 


Cp, 
Btu/lb-deg F —_|b/hr-ft 
0.0400 
0.0460 
0.0521 
0.0575 
0.0625 
0.0673 


Btu/hr-ft?- 
deg F/ft 
0.0133 0. 
0.0158 0. 
0.0182 0.66 
0.0204 0.6 
0.0226 0. 
0.0251 0. 
0.0720 0.0273 0.6 
0.0765 0.0292 


* Derived from ‘‘Gas Tables,”’ by Keenan and Kaye (8). 
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600—40000 
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Pierson 
2000—40000 
0.310 

Air Air 
Heating 


Data source 
Reynolds-number range 
Diameter of tubes, in. /2 
Fluid Air 
Heating or cooling fluid Cooling 
cooling 
Fluid, temp, deg F (ap- 
100 600 


300-600 
l'/, to3 


300-700 


125 
1'/, to 6 


1 to6 


prox) 

Metal temp, deg F (ap- 
prox) 

Transverse pitch, Sr/D 

Longitudinal pitch, 


L 
Bank depth (No. of 
tubes longitudinal to 
flow) 10 10 10 
Bank width (No. of 
tubes transverse to 
flow) 10 10 10 


150 
l'/, to 2 


1'/, to3 1'/, to3 


Tube length, z/D, trans- 

verse to flow 29. 83. 
Reference (see  Bibli- 

ography ) 3 
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Heating 


Kays 
1000-16000 


Huge Huge Bergelin 

2000-20000 10000-80000 100-10000 

2 4 

Air Air Air Oil 

Heating & Heating Heating Heating & 
cooling cooling 


150 


100-200 
1'/, to 1'/2 


600 


1'/, to 1'/2 


10 


6 
(with half-tubes) 
16 
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deg F 
0 
100 ) 
200 ) 
300 
400 
500 
600 0.2504 
700 0.2514 ; 
|| 100 100 || 
| 1.73 13/, 1/4 
1.82 1'/, 
7 10 10 15 = 
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Prandtl number over a limited range. Discussions of the effect 
of Prandtl number and large differences in temperature-dependent 
properties, for which these data may be modified for special appli- 
cation, can be found in the literature (5, 9). 

The Monroe data appear to check reasonably well with the 
values obtained by all investigators as is evident from the plots. 
The general agreement of these data, wherein tube-metal tem- 
peratures varied widely, appears to allay Grimison’s (4) fears 
that temperature effects led to the greatest uncertainties in 
the correlation of Pierson’s data. On the other hand, the disagree- 
ment with some of Huge’s (3) 1'/:-in-diam tube tests suggests 
that the z/D ratio may have an effect (z/D was 24 for Cornell and 
84 for Huge’s '/:-in. tube tests. ) 

Agreement was achieved with those data reported by Bergelin, 
Brown, and Doberstein (7) for tests conducted at the University 
of Delaware with oil for the 1'/, X 1'/, arrangement. 

A comparison with the Kays, London, and Lo (6) 15-row data 
for the 1'/2 X 1'/, arrangement shows good agreement at the 
higher Reynolds-number values, but significant divergence at the 
lower values where the Kays’ plot dips appreciably below that of 
Cornell. 

Pressure-Drop Data. The pressure drop measured across a tube 
bank may be broken down into the components suggested by 
Kays and London (5) as entrance loss, losses within the bank due 
to “friction,’’ a loss due to flow acceleration, and an exit loss. 
The flow-acceleration effect was subtracted from the static 
pressure differences measured in the present tests. Entrance and 
exit effects, therefore, are included in the pressure-drop factor, and 
for purposes of application 


= =. [a + o*) (2 ~ +) + in| 
p2g pr pr 


(Continued) 


where 
S,/D 
S,/D 


minimum free flow area 


gross duct area 


AP 


f 


The pressure-drop data are presented in the form of plots of f 
versus GD/u in Fig. 2. Again, points are designated as to test 


series. The first two test series of Monroe included heat-transfer 
measurements, while more extensive pressure-drop data were ob- 
tained on the tests by Fairchild without heat transfer. 
The pressure-drop factor 
AP 


p29 

is equal to four times the “friction factor’’ defined by Grimison 
and Bergelin. Kays and London chose still another form, but the 


factor 
AP 


(a) 
p2g 
is common to all definitions. 
For comparison, lines are shown on the plots representing data 
previously reported. Fair agreement is again achieved with the re- 


sults of Pierson, Huge, Kays, and Bergelin. There are no uniform 
discrepancies; however, Pierson’s data are higher for the S;/D = 


29 
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1'/,arrangements. Huge’s data for !/;-in-diam tubes are lower for 
the 1'/, X 1'/, and the 2 X 3 arrangements. 

In order that all of the data for in-line tube banks be available 
in the same form as reported bere, Figs. 3 and 4 are included. 
In Fig. 3 are plotted lines representing heat-transfer data of 
Pierson, Huge, and Bergelin previously reported, but for configura- 
tions not tested at Cornell, and thus not represented on the data 
plots of Fig. 1. In Fig. 4 are plotted lines representing the pres- 
sure-drop data of the same investigators which are not included in 
the data plots of Fig. 2. The pressure-drop data of other in- 
vestigators have not been corrected for acceleration effects, but 
such effects, as a percentage, are small except for widespread 
tube-bank arrangements at low flow rates with heat transfer. 


CorRRELATION OF HEAT-TRANSFER AND PRESSURE-Drop Data 


The objectives of the Cornell program include development of 
correlations of heat transfer and pressure drop which will be more 
orderly and more encompassing than were hitherto available. 
Review of the work of Pierson, Huge, and Grimison before the 
start of the present work led to the conclusion that more order 


Cross or Heat-TRANSFER Factor j Versus S7/D ror In-Line Tuse Banks at Constant ReyNnotps NuMBER 


could be achieved by basing a correlation upon the performance 
of tube banks of infinite length, and such an analysis, utilizing 
individual tube-row-coefficient data, is planned for the future. 
This report is presented now in order to make available the new 
data and lay a foundation for the analytical and probable ex- 
perimental work which must follow. 

Preliminary correlation efforts have been concerned with 10- 
row banks. All the available in-line tube-bank data shown on the 
plots were incorporated in the correlation trials. The 15-row 
data of Kays as well as the viscosity-ratio modified data of 
Bergelin are included as being reasonably representative sf 10- 
row data expressed in the present form of j and f-factors, and 
tube-diameter Reynolds number. Attempts at correlation of the 
10-row heat-transfer and pressure-drop data have been many. 
Two types for heat transfer and three for pressure drop are shown 
and the precision and order with which they represent the data 
are discussed. 

Ten-Row Heat-Transfer Correlation. In order to establish an 
initial impression of heat-transfer performance as a function of 
tube-bank arrangement, plots of 7 versus S;/D were prepared 


“ 
; 


32 


at constant Reynolds numbers, as shown in Fig. 5. Points are 
noted as values of S,/D and faired curves are drawn representing 
lines of constant S,/D. 

Several conclusions were drawn from these plots: 


1 All the data appear to approach a common line with in- 
creasing Reynolds number. 

2 Degradation from a base line appears to occur in the order 
of decreasing longitudinal spacing (S,/D) with the tangent tubes 
(S,/D = 1) deviating most from the base. 

3 Degradation from the base line at a constant S,/D ap- 
pears to increase with decreasing Reynolds number. 

4 The base line as shown is represented by the equation 


h 
—_— = 0.33 (GD/p)~-* 
( k ) (GD/p) 
and in the common Reynolds-number range is approximately 
parallel to, but about 45 per cent above, a line representing data 
for air flowing normal to a single cylinder as shown by McAdams 
(9), Fig. 6. 


+—+—+- 
AIR FLOWING NORMAL * 
TO SINGLE CYLINDER + 
| #/ ADAPTED FROM “HEAT TRANSMISSION” 
McADAMS. THIRO EDITION 
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To achieve a more precise representation of the data, and to 
facilitate interpolation between Reynolds numbers, ‘‘arrangement 
factors’ were plotted, following the general procedure of Grimi- 
son. Thus, all of the data are compared to a base equation which 
approximates the behavior of tube banks as a function of the 
Reynolds number. This base was chosen as 


h 3/3 ( 
«ani— 
( k ) 


since this line appeared to be most representative of a base as 
just discussed. The ratio of j for each arrangement to the base 
j, 0.33 (GD/u)*-4, is the “arrangement factor’ Fy. Faired 
curves for this type of cross plot are shown in Fig. 7. They repre- 
sent 94 per cent of the Monroe data and 78 per cent of all the data 
to within +5 per cent. This method achieves precision in 
representing the arrangements tested. It lacks the orderliness 
desirable for extrapolation or interpolation to other arrange- 
ments. 

In the quest for a more orderly correlation of the data, nu- 
merous schemes were explored. One such scheme might be a defini- 
tion of a characteristic length or diameter for each arrangement 
by which the data would plot as one line when this diameter is 
used in the Reynolds number. However, no single definition, 
such as a hydraulic diameter or average distance between tubes, 
and so on, has been successful in representing all arrangements by 
a single curve on a j versus Reynolds-number plot. 
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Ten-Row Pressure-Drop Correlation. In order to gain an initial 
impression of the manner in which pressure drop is a function of 
tube-bank arrangement, the pressure-drop factor 


is plotted versus S;/D at constant Reynolds-number values in 
Fig. 8. Again data points are noted with the longitudinal spacing, 
S,/D. Two conclusions were drawn from a study of these plots: 


1 The pressure-drop factor appears to vary with S7;/D on a 
family of hyperbolic curves originating at 


= 10 and S;/D = 1.0 


The expression 


= A(S,/D — 1) 

where N = 1.0 expresses the form of these curves. 

2 The family of curves appears to spread as the Reynolds 
number is reduced. 

The correlation of Grimison was in the form of these plots, but 
on a log scale in order to facilitate their use. 

Using a value of N = 1 for the form of the plots 


shown in the foregoing, the value of A = Fp is shown as a series 
of faired curves at constant Reynolds numbers in Fig. 9. Ap- 
proximately 92 per cent of the data are within +20 per cent at 
the higher Reynolds numbers, falling to about 80 per cent within 
+20 per cent at a Reynolds number of 2000. The greatest devia- 
tion at the lower Reynolds numbers occurs because of the severe 
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drop in the data shown by some arrangements tested at Cornell 
for the lower Reynolds numbers. Examples are the 2 X 1, 2 X 
1'/2, 4 4 X and the S;/D = 6 series arrangements. 
The correlation reflects a conservative interpretation of these 
data by predicting a higher pressure drop at the low Reynolds 
numbers than the data indicate. 

These plots permit relatively easy interpolation. Note that 
at the high Reynolds number (40,000) the value of Fp is inde- 
pendent of S;/D. The plots change with the Reynolds-number 
values in an orderly fashion. 

It is apparent, upon observation of the f versus GD/, plots, 
that for many arrangements over a large range of Reynolds num- 
bers, the f is almost independent of the Reynolds number. In 
order to obtain a simpler correlation of f that would be dependent 
only on tube-bank arrangement, an f was chosen by inspection of 
each plot which appeared to represent best all the pressure-drop 
data, but especially those at the higher flow rates. 

A correlation based on this procedure is shown in Fig. 10. The 
correlation is best at a Reynolds number of 20,000 where almost 
90 per cent of the data are represented within +20 per cent. 
The data fall slightly below the correlation (83 per cent within 
+20 per cent) at a Reynolds number of 40,000, reflecting the 
downward turn of many of the f versus GD/y plots. The devia- 
tion is greater at the lower Reynolds numbers where the data 
scatter appreciably. About 63 per cent of the data are repre- 
sented to within +20 per cent at a Reynolds number of 2000. 


CONCLUSIONS 


1 New data obtained on in-line tube banks correspond well 
with data obtained in previous investigations. For similar ar- 
rangements, differences that do occur suggest that the effect of 
duct geometry should be investigated further. 

2 Precise representation of the 10-row heat-transfer data 
lacks good order, but the trends indicate that order is possible if 
more of the variables are accounted for by the correlation, such as 
bank depth and duct geometry. 

3 Good order is achieved in representing 10-row pressure-drop 
data because of the hyperbolic effect of S7/D — 1 and the rela- 
tively small effect of Reynolds number on the pressure-drop fac- 
tor. 

4 Further analytical effort and probably experimental work 
are necessary to extend the correlations to account for bank 
depth and other effects. 
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Discussion 


Davip Drorxin.* The authors have made a valuable con- 
tribution to this important field of heat transfer and are to be 
commended on the scope and clarity of their paper. 

There is, however, some additional information that is pertinent 
to this report. In Fig. 2, for the S;/D X S,/D arrangements of 
2 X 1'/: and 2 X 2, the pressure-drop factor f shows a rapid rise 
at the higher Reynolds numbers. For example, in the 2 X 2 
arrangement f increases from about 0.26 to 0.42 in the range of 
Reynolds number from about 25,000 to 32,000. 

It was originally postulated by Prof. C. O. Mackey that this 
sudden rise in pressure drop and the accompanying noise might be 
caused by the vibration of the tubes in the test core stimulated by 
the shedding of vortexes from the downstream side of the tubes. 

To investigate this theory a 2 X 2 in-line arrangement was 
studied. The first three runs were made with the “dummy” 
tubes used in the original investigation. One run was made in 
the region of “normal’’ pressure drop while the other two runs 
were made in the region of the high pressure drop. The results 
of these tests confirmed the Fairchild data presented in this paper 
and definitely established the fact that there is a region of abnor- 
mally high pressure drop. 

Frequency of vibration of a beam with fixed ends is propor- 
tional to \/(EI/m) where E is the modulus of elasticity, J is the 
moment of inertia, and m is the mass per unit length of the beam. 


6 Professor, Department of Thermal Engineering, Cornell Univer- 
sity, Ithaca, N. Y. 
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According to H. M. Spivack,’ the frequency of vortex shedding is 
proportional to the ratio of the air velocity to tube diameter. It 
was reasoned that if the pressure drop resulted from stimulation 
of tube vibration by vortex shedding, then an increase in the fre- 
quency of vibration of the tubes should move the abrupt pressure 
rise to a region of higher air velocities. 

In line with this reasoning, two tests were made with the dummy 
tubes filled with sand. These tests showed practically the same 
results as with the empty dummy tubes. 

The bundle of steel tubes that had been used in the Fairchild 
tests ahead of the test core as a straightening device was next re- 
moved. No change in the friction factor resulted. 

Then the dummy tubes in the tube bank were replaced by 
solid, cold-rolled steel rods. For the same outside diameter the 
frequency of vibration of these rods is increased and thus much 
higher velocities are needed to induce vibration from vortex 
shedding. Five runs were made with this in-line bank constructed 
with solid steel rods. No change in results was observed. In four 
of these five runs, additional weight was attached to the outside 
of the test section in order to change the frequency of vibration of 
the entire duct system. 

Finally, a run was made with tubes filled with water, as in the 
heat-transfer tests. As in all tests of this series, high pressure drops 
of the same magnitude were observed. 

The results of the foregoing experiments lead to the conclusion 
that: 


1 The rapid rise in pressure drop is not caused by vibrating 
tubes in the tube bank. 


2 The unusual rise in pressure drop probably results from a 
vibrating air column, oscillating transverse to the flow, as sug- 
gested by Grotz and Arnold in their report.® 


It was thought to be of interest to evaluate the accuracy of the 
results presented in this paper. 

Using the method proposed by Kline and MeClintock,® uncer- 
tainty intervals for the Cornell data were determined for the 
Stanton numbers and pressure-drop factors. It was found that 
for typical runs 90 per cent of the computed values fell within the 
interval of +2.5 per cent for the Stanton number and +5.0 per 
cent for the pressure-drop factor. 


7**Vortex Frequency and Flow Pattern in the Wake of Two Parallel 
Cylinders at Varied Spacing Normal to an Air Stream,’”’ by H. M. 
Spivack, Journal of the Aeronautical Sciences, vol. 13, June, 1946, pp. 
289-301. 

8‘*Flow Induced Vibration in Heat Exchangers,”’ by B. J. Grotz 
and F. R. Arnold, Stanford University, Department of Mechanical 
Engineering, Technical Report No. 31, August, 1956, 49 pages. 

**‘Describing Uncertainties in Single-Sample Experiments,’’ by 
8S. J. Kline and F. A. McClintock, Mechanical Engineering, vol. 75, 
1953, pp. 3-8. 
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D. W. Grunpirz.”:!! Unusual noise generation has been en- 
countered in finned staggered tube banks. The case encountered 
by the writer involved an air-conditioning coil of 4 rows depth (to 
the best of his recollection). The coil produced an organlike 
tone of a different pitch for each of several air-flow rates. An ex- 
panded-metal sheet placed between the second and third rows 
eliminated the organlike tones. Unfortunately, tests were not 
made to determine if there was any effect of production of the 
organlike tones on pressure drop and heat transfer. 


Autuors’ CLOSURE 


Dr. Dropkin, in his discussion, has given additional information 
on the high values of pressure drop and accompanying noise that 
appeared in some tube banks at the high air flow rates. Because 
Mr. Grunditz also discussed this point, some additional informa- 
tion might be of interest. 

Although Monroe’s experiments on heat transfer and pressure 
drop were not carried to as high values of Reynolds number as 
were Fairchild’s tests on pressure drop alone, there was some ex- 
perimental evidence that a rise in f at the high Reynolds numbers 
was accompanied by a corresponding rise in h and the Stanton 
number for that tube bank. 

The arrangements in which this pressure rise were most marked 
were the 2 X 1'/: and the 2 X 2 tube banks. In Fig. 2, the test 
points are shown, but the solid curve was not drawn through 
these points. It was observed that the value of f did not increase 
indefinitely with Reynolds number in this range but apparently 
passed through a maximum value and then started to decrease. 
For example, in the 2 X 1'/2 arrangement, a maximum value of f 
of 0.292 was observed at a Reynolds number (based on tube 
diameter) of 43,930 with a corresponding velocity of air through 
the minimum section of 185 fps. In the 2 X 2 arrangement, a 
maximum value of f of 0.420 was observed at a Reynolds number 
of 31,440 with a corresponding velocity of air through the mini- 
mum section of 160 fps. 

With some of the arrangements, the sharp rise in pressure drop 
and excessive noise occurred near the limit of the air flow rate of 
the equipment, and the maximum value of f was apparently not 
reached. For example, in the 4 X 3 arrangement, f started to 
increase abruptly at a Reynolds number of about 31,000 at an air 
velocity of 135 fps, but the maximum f had apparently not been 
reached at a Reynolds number of 40,300 and an air velocity of 183 
fps. 

There are not sufficient data in the range of high air flow rates 
from these experiments to permit any correlation of the effect of 
bank geometry and air flow rates on abrupt pressure rise, abrupt 
increase in heat-transfer rate, or excessive noise that result from 
the vibrating air column or vortex shedding. 

Research and Advanced Development Division, Avco Manu- 


facturing Corporation, Lawrence, Mass. 
11 This discussion also refers to ASME Paper No. 56-—A-126. 
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Shell-Side Characteristics of Shell-and- 
Tube Heat Exchangers 


A Simplified Rating System for 
Commercial Heat Exchangers 


By TOWNSEND TINKER,' BUFFALO, N. Y. 


A simplified rating system for commercial shell-and-tube 
heat exchangers is developed based on the fluid-flow-pat- 
tern concepts derived by the author for the General Dis- 
cussion of Heat Transfer, London, England, 1951. Recom- 
mended heat-transfer and friction characteristics for 
practical design purposes are presented which are based 
on previously presented research data and certain findings 
of the ASME—University of Delaware Heat Exchanger Re- 
search Project. Where possible, without serious sacrifice 
in accuracy, certain resistance-factor approximations and 
assumptions have been introduced in the interest of prac- 
tical simplicity for the derivation of formulas of simple 
form for evaluating the fluid-flow fraction through the 
crossflow area of the tube bundle. Simple tabulations of 
heat-transfer and pressure-drop characteristic “rating 
numbers” may be readily developed from these formulas 
for various styles or series of heat exchangers having con- 
sistent design proportions. These rating numbers permit 
a rapid rating of the heat-exchanger shell-side perform- 
ance. The system is responsive to the major effects of unit 
size, tube size, tube pitch and flow orientation, baffle 
spacing and cut, and the principal leakage and bypass 
clearances of the heat-exchanger design. The system de- 
veloped is accurate well within practical commercial re- 
quirements, and is very flexible so that as more accurate 
resistance factors are developed by research for specific 
cases, they may be employed in the system for more pre- 
cise results when desired. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


A, = crossflow area within limits of tube bundle, sq ft = 
A, = area of one baffle window 
A,, = geometric mean of A, and Ay = [(A,)'/(A,)'“] 
By) = heat-transfer group for flow across tubes 
161K \K 
C = specific heat 
c, = crossflow area constant 
c, = friction proportionality factor, f, = c,(Re)" 
c, = constant for crossflow tube rows traversed 
Cx = bypass clearance constant = D,/D; 


1 Vice-President, Engineering, Ross Heat Exchanger Division, 
American Radiator & Standard Sanitary Corporation. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 25-30, 1956, of THe 
AMERICAN SoOcIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society Manuscript received at ASME Headquarters, August 
21, 1956. Paper No. 56—A-123. 
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(1 + 2) 


baffle-hole clearance constant = (d; — d;)/d: 

baffle-edge clearance constant = (D,; — D:)/D, 

shell diameter, in. 

baffle diameter, in. 

outer-tube limit, bundle diameter, in. 

tube-hole diameter in baffle, in. 

tube OD, in. 

shell-side effectiveness 

fraction of total fluid flowing through A, of a clean 
unit 

modified crossflow fraction for service unit pressure- 
drop calculation 

friction factor for baffle-window zone 

friction factor for crossflow through tube bank 

baffle cut, in. 

outside heat-transfer coefficient for entire tube bundle 

(Btu)/(hr)(sq ft)(deg F) 

outside heat-transfer coefficient for baffled region of 

tube bundle, (Btu)/(hr)(sq ft)(deg F) 

thermal conductivity, (Btu)/(hr)(sq ft)(deg F)(ft) 

total tube length, in. 

baffled length of tubes, in. 

baffle spacing, in. 

A, multiplier for Re, 

A, multiplier to obtain geometric mean of A,and A, 


eu 


number of baffle spaces 

rating number for heat-transfer calculation 
rating number for pressure-loss calculation 
tube pitch, in. 

over-all shell-side pressure loss, psi 
baffle-window pressure loss, psi 

crossflow pressure loss, psi 

Reynolds number for heat transfer 


0.0344d2F (Ib /hr) 


ZMA, 
modified Reynolds number for pressure drop 


0.0344F (Ib /hr) 


ZA, 
D; 


exchanger size ratio 


= pressure-loss factor for baffle window = y/(e4)°* 


" 


factor for baffle-window proportions 


= ratio AP,/AP, 


Y 
(: = factor for relative crossflow and window 


pressure losses 
absolute viscosity of fluid at mean fluid temperature, 
centipoises 


= 
D, = 
D, = 
= D; = 
d, 
= 
E, 
+ 
F, = 
7 F, = 
= 
H= 
h, = 
is he = 
= 
be 
l; = 
M = 
M, = 
= 
N, = 
N, 
if P= 
= 
AP, = 
AP, = 
Re, = 
S = 
P 
— 
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absolute viscosity of fluid at mean tube-wall tempera- 
ture, centipoises 
= 
density, pef 
relative fluid flow associated with baffle-hole leakage 
= relative fluid flow through tube bundle A, 
relative fluid flow bypassing between bundle and 
shell 
= relative fluid flow leaking between baffle and shell 
= approximate portion of theoretical tube count in tube 
layout 
= segmental portion cut from circle to make baffle 
= portion of circle comprising baffle 
portion of tube-bundle diameter representing mean 
bundle width between baffle windows 
portion of shell circumference adjacent to edge of one 
baffle 
= velocity heads loss in flow through baffle-tube holes 
= velocity heads loss for flow across one row of square 
pitch tubes 
cr = 4.0 fo (square) 
velocity heads loss for flow across one row of triangu- 
lar pitch tubes 
cs = 4.0 fo (staggered ) 
portion of bundle diameter traversed in flowing be- 
tween successive baffle windows 
friction-factor multiplier for high-velocity C stream 


7. E Re = 


Co = 


{at Reg] 


= velocity heads loss in flow between baffle and shel! 
velocity heads loss in flow through baffle window 
loss through shell entrance a’.d exit-nozzle connec- 
tions, psi 


A(noz 


INTRODUCTION 


The proposed system for rating commercial heat exchangers is 
based on available research data for pure crossflow tube banks 
and shell-and-tube heat exchangers. The use of pure crossflow 
data is recommended with certain modifications as dictated by 
test experience on the practical behavior of actual commercial 
units. 

Expressions for the heat-transfer coefficients and pressure drops 
are written in a simple forra based on certain primary premises 
that represent the behavior characteristics as accurately as possi- 
ble without the undue complication that would be required to 
develop a rigorous Re and flow characteristic for fluid streams 
through each leakage orifice and bypass route for fluids of all 
possible viscosity ranges that might be passed through the ex- 
changer shell. 

These primary premises are as follows: 

1 Heat Transfer: 

1.1 Flow Distribution. The relative fluid-flow quantities 
through the various shell-side flow routes are, for heat-transfer 
calculations, assumed to be substantially as indicated elsewhere? 
in table 10. These flow proportions apply to the unit when it is in 
a sufficiently clean condition that the hydraulic flow distribution 
through the various flow routes is governed by the original design 
dimensions and clearances. The fraction of the total fluid-flow 


2 “Shell Side Characteristics of Shell and Tube Heat Exchangers,” 
by Townsend Tinker, General Discussion of Heat Transfer, The 
Institution of Mechanical Engineers and THe AMERICAN SOCIETY OF 
Mecuanicat Encineers, London, England, 1951. 
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quantity that traverses the crossflow area A, within baffled re- 
gion of the tube bundle is designated as 


1 
1+NVS 
as defined in Derivation A. 
1.2 Crossflow Travel. The crossflow fluid travel distance be- 


tween baffles is considered to be from the center to center of baffle 
windows 


1.3 Baffle-Window Flow. The fluid-flow quantity through the 
baffle windows is assumed to be the same as the crossflow stream 
quantity. This is not an exact relationship in a commerical heat 
exchanger as the window-flow stream is greater than the cross- 
flow stream due to the merging of certain leakage and bypass 
streams with the crossflow stream in the window. This con- 
dition, however, is practically compensated for by computing the 
window area as if a full tube layout extended throughout the en- 
tire window. The actual window free area is larger than this 
owing to the absence of tubes about the peripheral space through 
which the bypass currents C circulate. It is believed that any in- 
accuracies introduced by the foregoing assumptions are small 
relative to the possible error which must be assumed in setting 
the various resistance factors which determine the distribution of 
fluid flow through the various routes within the heat exchanger. 

1.4 BaffleeWindow Cut. Recommended baffle window cuts 
H/D, are graduated with the baffle spacing D,/l; in such a manner 
that the ratio of window area to crossflow area and thus M, re- 
main as constant as practicable for a given tube-arrangement pat- 
tern. On this basis each baffle spacing D,/I; has a single standard 
window cut H/D,. To simplify further the rating system, a 
single M, value is developed for each baffle spacing and tube ar- 
rangement which represents all tube spacings P/d; from 1.25 to 
1.50 with an accuracy of about +7 per cent for M, which could 
affect the calculated value of h., by about +4 per cent. 

1.5  Over-All Heat-Transfer Coefficient. The effect of fluid-flow 
conditions through the baffle window on the over-all heat-transfer 
coefficient is accounted for by basing the heat-transfer coefficient 
in the window zones on the geometric mean of crossflow and 
window velocities, and the heat-transfer coefficient in the cross- 
flow zone on the crossflow velocity through the tube bundle. A 
crossflow area multiplier M is developed in Derivation F 
which gives this result when the Re, for heat transfer is expressed 
as follows 


. [41] 


2 Pressure Drop: 

2.1 Flow Distribution. The flow distribution used in arriving 
at a clean heat-transfer coefficient applies only when the heat ex- 
changer is in a strictly clean condition. Heat-transfer deviations 
from this condition are customarily accounted for by the use of 
appropriate fouling resistance such as published in the Standards 
of the Tubular Exchanger Manufacturers Association, 

When a heat exchanger goes into service, any fouling which 
takes place can cause a certain amount ef choking off of leakage 
currents, in extreme cases reducing them to practically nothing. 
This results in more fluid to be transported through the tube nest 
and bypass routes. Normal fouling also may reduce the free 
areas through the tube nest and bypass routes, thus further in- 
creasing the tube-bundle mass-flow rate and pressure drop while 
insulating and reducing heat-transfer coefficients. To compensate 
for these heat-exchanger characteristics due to service fouling, the 


= 

p 

Qar 

Qer 

Qcr 

H 
Ce [>. (: | 

Cy 

Cs 

cy 

C10 

Ver] 

Cu 

Ci2 


TRANSACTIONS OF THE ASME 


TT 
i} 


1.40 
0.00193 


1.25 
0.00135 


1.30 
0.00155 


1 |0.46/0.85 0.30 
1.5]0.34/0.85 0.45 [0.36 |0.26 {0.20 
2 |0.25 0.85/N), 0.54 0.43 0.31 0.25 
|0.20/0.85 0.70 |0.54 {0.40 /0.31 
4 |0.16/0.85 0.86 [0.68 |0.50 [0.39 
5 |0.16]0.90 0.82 [0.60 [0.47 


Above Table applies for typical units where: 
[14 = 1.075 


“15 = 0.045 


“16 = 0.008 


- 


a. 


P 


See Figure ro] 


da (lb/hr) 


Re, = 


2M ay 


“Pure Cross Flow Reference 
@ For = 1.25 


2 
ForP = 1.50 
a2 


16.1 


Fie. 1 


modified flow fraction used in pressure-drop rating computations 
is designated as 


1 
0.80 + V,WS 
as defined in Derivation B. 
2.2 Crossflow Travel. . The crossflow fluid-travel distance be- 


tween baffles is considered to be from the center to center of baffle 
windows ' 


[>(- 


2.3 Baffle-Window Flow. The fluid quantity through the 
baffle windows is assumed to be the same as the crossflow stream 
quantity as outlined under premise 1.3. 

2.4 Crossflow Pressure Loss. The crossflow pressure loss is 
calculated using a crossflow friction factor f, selected at 


ZA, 


2.5 Baffle-Window Pressure Loss. The window pressure loss 
over and above the crossflow friction loss to its center is considered 
as (¢2) velocity heads at the geometric mean of window and cross- 
flow velocities. cy. is usually taken as 2.0 in the turbulent-flow 
region. Furthermore, this loss is expressed as a ratio to the cross- 
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42 
| 
FIGURE 1 
es 
100 1000 10, 000 
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flow friction factor so that under nonturbulent-flow conditions 
the loss varies in proportion to the crossflow friction factor, thus 
compensating for frictional drag under viscous-flow conditions. 


CoNCLUSIONS AND RECOMMENDATIONS 


Design Formulas. The following formulas are recommended 
for the shell-side design rating of commercial shell-and-tube heat 
exchangers 


0.0344d2F ,(Ib /hr) 
Z(MA,) 
16.1 
21. 0.6 
+ (lh — le) 
E, = [44] 
h 
0.0344d,F ,(1b/hr) 
[45] 
Ne fe Ib 
= 0. — | 1 A ).. [40 
AP = 0.334c¢,S o\ 104, + A(noz).. [40] 
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Above Table applies for typical units where: 
C14 = 1.075 
“15 = 0.045 
“16 = 0.008 


coooco 


UR 


1 
0.80 + 
P 
(14) Pure Cross Flow Reference 
Fp (1b/hr) © vor = 1.25 
292 Ay 


= 0.334 cy Di Na fx [F, 
LAP = 0.334 [: Y ' 
FIGURE 
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P 
@ For 1.50 


.. [46] herein permit setting up simple tabulations of the heat-transfer 
and pressure-drop rating numbers N, and N, that readily deter- 
mine the crossflow fractions for a series of heat exchangers of 
consistent design proportions. Such tabulations, together with 
constants ¢,, c,, m, and y, tabulated on the design curves, take 
into account the effect of all practical combinations of tube size, 
arrangement and pitch, baffle spacing, baffle cut, shell diameter, 
and mechanical clearances for a consistent line of heat-exchanger 

units. 

N,—see Derivation B Design Example—Typical Rating Numbers. Similar lines of 
¥—see Derivation G floating-head clamp-ring type of shell-and-tube heat exchangers 
M—-see Derivation F are produced by a number of manufacturers for oil-refining and 

The heat-transfer and pressure-drop charac- process industries. One such typical line of equipment has 

clearance characteristics approximately as shown in Table 1. 


N,—see Derivation A 


Design Curves. 
teristics shown in Figs. 1 to 6 are recommended for the shell-side 
design rating of commercial shell-and-tube heat exchangers. 

Dotted reference lines on these figures indicate the approximate 
findings of the University of Delaware and others for pure cross- 
flow conditions. It will be noted that the recommended commer- 
cial design curves fair out certain dips and irregularities occurring 
in the pure crossflow characteristics. This is done because usually 
in a baffled commercial heat exchanger a number of leakage and 
parallel-flow streams merge and change flow direction throughout 
the heat exchanger unit tending to produce eddies that would 
either wash out certain dips and irregularities or make it prac- 
tically impossible to predict the exact total flow rate at which the 
irregularities might appear in the heat-exchanger performance. 

Flow Distribution. The flow-distribution formulas developed 


39 
632 i 
| 
0.16)0.97 4,3 
=e 
| Till 
0.085 00 , 000 
« 
TABLE 1 
D,/ls H/D, 
1 0.46 
1.5 0.34 
2 0.25 
3 0.20 
4 0.16 
5 0.16 
Cu = = 1.075, Cy = = 0.045 
D, — Dz 
Cs = = 0.008 
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1.25 1.30 1.40 1.50 
0.00135] 0.00155] 0.00193) 0.00225 


0.36 0.21 


SHELL SIDE HEAT TRANSFER CHARACTERISTIC 


FLOW 


0.42 0.25 
0.50 0.29 


0.77 0.45 


2 
20/0. 0.63 0.36 
1 
1 0.90 0.53 


Above Table applies for typical units where: 


* 1.075 


“15 = 0.045 


“16 = 0.008 


See Figure [ro] 


dy Fy, (b/hr) 


292M A, 
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A substitution of these values in Equations [10], [11], and [12], 
and Equations [15], [16], and [17] for various flow orientations 
and various desired tube pitches gives values of the heat-transfer 
and pressure-drop rating numbers NV, and N, as shown in Figs. 1 
to 6, inclusive. 

Fized-Tube-Sheet Exchangers. Rating-number tabulations 
similar to the foregoing may be produced readily for other series of 
units which may have a closer tube bundle-to-shell clearance 
(cy), for example, as is usual for fixed-tube-sheet units. In cer- 
tain units of this class, the value of c4 may be as low as 1.04. 


Sealing Strips 

Bolted Floating-Head Exchangers. Certain units with pull- 
through tube bundles and through-bolted floating heads have 
relatively large bundle-to-shell clearances so that the C bypass 
current would be large and the flow fraction F, correspondingly 
small unless sealing strips, as illustrated in Fig. 7, or other means 
were used to restrict the C bypass route. Where sealing strips 
are used, a modified value of cy is recommended to represent the 
prevailing bypass conditions in view of the following considera- 
tions: 

(a) The sealing strips usually clear the shell by as much as or 
more than the baffles so that a direct bypass orifice prevails be- 
tween the strips and the shell. 

(b) Some of the fluid forced through the tube bundle at the 
sealing strips tends to spread out into the bypass area (cy — 1), 
thus bypassing the tube bundle in the regions between the succes- 
sive sealing strips. 


(c) It is recommended that the mean amount of tube bundle 
bypassing indicated in (a) and (b) be estimated on the basis of a 
modified value of 


-1 
Cu = + (“> ) + 


The rating numbers, N, and N,, calculated on the basis of the fore- 
going value of cy in the first term of Equations [10], [11], [12], 
[15], [16], and [17] give flow fractions that are consistent with the 
operating performance of commercial heat exchangers provided 
with two or more sealing strips on each side of the tube bundle 
and spaced less than 12 in. apart. 


[47] 


DIscussIoNn 


Performance Comparisons. A comparison of some of the indi- 
cated heat-transfer flow-fraction characteristics of several typical 
varieties of heat-exchanger designs is shown in Table 2. 

It will be noted that the indicated fraction of fluid in crossflow 
through the tube bundle is higher in fixed-tube-sheet units where 
the clearance between bundle and shell is smaller than it is in 
other units having greater bypass clearances. Sealing strips tend 
to correct this condition by partially eliminating the bypassing. 

The tabulation also indicates the effect in larger diameter units 
of the higher pressure drops per baffle space (from flow across 
more layers) in driving more fluid through the leakage routes, 
thus reducing the crossflow fraction through the tube bundle. 


40 
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Above Table applies for typical units where: 
7 1.075 
15 0.045 
[16 = 0.008 


D3 13 


1 
0.80 + 
. Cross Flow Reference: 


0.85 For = 1.25 
(c)4) 2 
4) F, (lb/hr) ® For = 1.50 
29 Z ay 2 


[: FIGURE 4 
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TaBLeE 2 PERFORMANCE COMPARISONS 


Assumed clearance 
proportions——— 


Type of heat exchanger Dy Cis Ce 


| 


cooow 
+101 


Fixed tube sheet—no sealing strips 21 
Bolted pull-through— floating head with seal- 

ing strips 
Clamp ring floating head—with sealing strips 
Clamp ring floating head—no sealing strips 
Clamp ring floating head—no sealing strips 
Clamp ring floating head—no sealing strips 
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0.3410.66 5.6 
0.20/0.80 4.7 .8 
0.16/0.84 4.0 9 
1.0 0.25 0.16 |0.12 
0.34 0.20 0.17 
| 
Bary 
0.1 
il 
0.01 4 Hill 
Ni F,, 
per 
cent 
0.0145 0.008 0.53 28.5 
3 0.94 0.75 0.045 0.008 0.69 23.5 
3 0.94 0.75 0.045 0.008 0.65 24.4 
0.94 0.75 0.045 0.008 0.70 23.2 
|. 3 0.94 0.75 0.045 0.008 0.70 20.0 
3 0.94 0.75 0.045 0.008 0.70 17.5 
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P 
dy 1.25 1.30 1.50 FLOW 
Cg | 0.00191] 0.00220 0.00316 


0.26 


0.32 
| 0.38 


0.21 
0.26 
0.31 


0.13 
0.15 
0.18 


0.50 
0.63 
0.75 


0.41 
0.51 
0.61 


9.24 
0.30 
0.35 


coooco 


- Above Table applies for typical units where: 


¢14 = 1.075 


= 0.0465 


“16 = 0.008 


a “14 


See Figure [10] 
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Fig. 8 shows a visual comparison of several heat-exchanger lay- 
outs. The comparative differences to be expected in the crossflow 
fractions are practically obvious from inspection. The use of the 
recommended style of rating numbers quantitatively evaluates 
the shell-side flow conditions for any specific set of design pro- 
portions that may be built into a segmentally baffled heat ex- 
changer. 

Accuracy of Simplified Rating System. The author believes the 
system to be accurate well within practical commercial require- 
ments. It is impractical to attempt to consider all possible minor 
deviations in flow pattern which might theoretically occur, when 
esiimating each commercial heat-exchanger unit. 

Few, if any, rating procedures have been available which at- 
tempt to appraise the proper direction and magnitude of per- 
formance variations caused by a large range of combinations of 
different unit diameters, tube size, tube pitch and flow orientation, 
baffle spacing and cut, together with the principal leakage and 
bypass clearances of the heat-exchanger unit. 

The accuracy of the proposed simplified rating system with 
respect to the crossflow fraction and heat-transfer coefficient is 
influenced by the factors given in Table 3. 

It is apparent from summary in Table 3 that the physical di- 
mensional assumptions introduce no significant error into the 
system. 

The accuracy of the calculated flow-distribution pattern and 
crossflow fraction is governed largely by the assumed resistance 


factors for the various flow routes. These have been selected to 
line up as well as possible with theory, research, and test per- 
formance of a wide range of practical commercial heat-exchanger 
units. 

The analysis presented develops rating-number formulas, for 
determining crossflow fractions, that are flexible in that more 
accurate resistance factors may be substituted as developed by 
research for specific cases to give more precise results when de- 
sired. 


Basic REFERENCE Data 


Fluid-Flow Distribution. The principal fluid streams through 
the shell side of a heat exchanger as shown in fig. 6 of the earlier 
paper? are indicated in Fig. 9. The relative fluid-stream quanti- 
ties from table 10,? amplified to include oriented square pitch and 
revised on the basis of the bypass resistance factor being reduced 
to two thirds of the value outlined in Note (a) of the earlier 
paper,? are as shown in Table 4. 


DERIVATIONS 


A—Crossflow Fraction—Heat Transfer 
The fraction of the total fluid flowing through the tube-bundle 
crossflow area of a clean unit may be represented as follows 


+ Qcr + Qan + Qer 


(1) 
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1 Cy ]1.25 [1.30 |1.40 |1.50 
FLOW 3 | | Sx [42 
Cq | 0.00191] 0.00220] 0.00272] 0.00316 
1 |0.46]0.77 6.5 7.0 7.6 8.1 
2 |0.25]1.06 4.7 5.0 5.5 5.8 
3 }0,20/1.13 4.4 4.7 5.1 5.4 
ANS |0.16]1.19 4.2 4.4 4.8 5.1 
5S 10.16]1.19 3.8 4.0 4.4 4.6 
NON 
1.0 1 0.18 [0.16 {0.11 |0.09 
4 ~; 1.5 0.20 0.16 0.12 0.10 a 
2 Np 0.22 |0.17 [0.14 
3 0.25 |0.20 |0.16 {0.13 
4 0.29 |0.23 |0.18 |0.15 al 
5 0.32 |0.26 |0.21 |0.17 
Above Table applies for typical units where: 
SS = 1.075 
= 0.045 
SS en = 0.008 
16 ° 
A, = Cg D3 13 
P 0.80 + 
P 
-¥ = — Pure Cross Flow Reference: 
P 
(c)4) For = 1.25 
Re = F (lb/hr) 
29Z A, 
— 2 
BP = 0.3% fy (Fp 
vy 1 FIGURE @ 
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STRIPS BETWEEN BAFFLE WINDOWS 
REDUCE BY PASS STREAM (C) AROUND TUBE NEST, 
INCREASE CROSS FLOW STREAM (B) THROUGH TUBE NEST. 
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O_SMALL SIZE @ _WIDE PITCH  @/SMALL SHELL 70 
_RATIO._ RATIO. BUNDLE CLEARANCE. 


LARGE CRoss /RARRR\ LaRce SMALL BUNDLE 
FLOW FRACTION. 2 \ FRACTION. \ BY-PASS CURRENT. 


| LARGE CROSS 
Sate | FLOW FRACTION. 


@MODERATE SHELL © LARGE SHELL TO SHELL TO 
TO BUNDLE CLEARANCE. / @@@@ BUNDLE CLEARANCE. @@@ BUNDLE CLEARANCE, 
MODERATE BUNDLE BUNDLE By-PASS \ -LARGE BUNDLE 

BY-PASS CURRENT. 


BD) CURRENT REDUCED By-PASS CURRENT. 
BY SEALING STRIPS. ++ SMALL CROSS 
MODERATE CROSS \\ |] Flow FRACTION. 
FLOW FRACTION. 
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TasBLe 3 Factors INFLUENCING RatING-SysTEM ACCURACY 
Approximate Approximate 
maximum error in effect (per cent) on 
assumed constant, calculated values of 
Dimensional Assumptions per cent Fi ho 
Mean tube-bundle width between 
baffle windows 
ce, = 0.97 +3 +2 +1 
Tube count in layout 
a = 0.94 +4 +1 
M, based on P/d2 at compromise 
between 1.25 and 1.50 +7 a +4 


Resistance-F actor Assumptions 
Bypass friction-factor multiplier 
Cio = Q. 66 
= 0.815 
Velocity heads !oss through baffle 
tube holes 
c= 4 
(disch. coef. = 0.50) 
(cs)'/2 = 2 
Velocity heads loss over one row of 
tubes 


= 0.6 
(ea) = 0.775 
Velocity heads loss between baffle 
and shell 
Cu = 3 
(disch. = 0.58) 
(en )'/2 = 1.7 
Velocity heads fl through baffle 
window 
C2 = 2 +50 per cent 
This affects x +50 per cent 
(1 + xz) about +17 per cent 
(1 + z)'/: about +8 per cent 


(1 + = 0.95 
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\ j) ELOW FRACTION. \ 
+18 +6 +4 : 
+50 +8 +5 
+20 +7 +4 
; +50 +8 +5 
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Fic. 9 Dtacram or Fiurp Streams THrovGH Sipe or a Heat ExcHaNncer 


TaBLe 4 Revative FLurp-STREAM QUANTITIES 
Fluid 


stream 
identification Triangular Pitch <] 
1.07 + — d;*) 
0.93  ca(esco) — 
0.93 — — 
3.14 + — Dz) 
Square Pitch — 
0.927 ~*(d,? d,*) 
1.0 — P — 
3.14 + — D2) 
Oriented Square Pitch > © 
0.927 cics(1 + — dy?) 
1.18 P — dz) 
0.84 — Dy)*/(P — 
3.14 es (1 + — D2) 


1 Substituting the values of Qer; Qar, and from Table 4 
for triangular pitch and replacing 
Qsr (d,;? — with — dz); (D, — Dz) with eeD,; 
1 d, — 
1 (d; — de) with cysd2: (cy) with (: 


1 + 


(Ds) with (cs) with (: 
Cu dD, 


+ 


QpeD,'” The following expression is obtained 


N, = 


P 


H\'? 
2 = 
( P (: =) c+ 


(cu)? ly (P — d)P 


D, P— 1 


15 
/ 4y - Ci Z 
4 . \ 8 4 4 \ QQ / Vg 
F, = — 
1+( 
|| 
) (1 +2) ]...... [8] 
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Substituting the following assumed values in Equation [8] 


V/s 
“a = 0.97 Qn = 0.94 Cn = 3 Co = 0.667 c= ) (1 + x)'/2 = 0.95 


the following expression is obtained 
(Cu — Cu ds i( ( P ) dD, ( 


Evaluating functions of 5 and = in Equation [9] for commonly encountered values of same gives: 
3 


1.40 
13 


Values of the clearances cj4, ¢15, and cjg6 for a consistent style or series of heat exchangers may be 

inserted in Equation [10] and the three terms for various values of R and Dl summed up giving a simple 
2 13 

table of Rating Numbers for the series of heat exchangers. 


In a similar manner the following expression for [| orientation may be obtained. 


1.25 1.30 1.40 1.50 


ee 


OO 


oooooco 


/2 


1 
+ €16(c14) 


NF ODS 


. 


H 
1\3/2 
1/2 
[> (cy4) 
1.44 1.15 0.80 0.59 1 0.46 
2.75 2.20 1.53 1.13 1.5 0.34 
4.2 3.4 2.34 1.73 2 0.25 
rene 6.7 5.4 3.7 2.75 3 0.20 
(c14) 9.4 7.6 5.3 3.9 4 0.16 
11.8 9.5 6.6 4.9 5 0.16 
4.0 3.5 2.80 2.40 1 0.46 
7.4 6.4 5.1 4.4 1.5 0.34 
P| 11.1 9.6 7.8 6.7 2 0.25 
17.8 15.4 12.5 10.7 3 0.20 
: 24.9 21.6 17.5 15.0 4 0.16 
31 27.0 21.8 18.7 5 0.16 
[10] 
| HL 
N, = [14.1 11.3 8.25 
(c14) 
1.15 0.92 0.64 
2.20 1.75 1.23 
ae 3.3 2.72 1.86 
3/2 5.3 4.3 2.95 
(c14) 
1 7.5 6.1 4.2 
9.4 7.6 5.3 ; 
3.7 3.3 2.60 
6.9 6.0 4.7 
10.4 9.0 7.3 2 
16.6 14.4 11.7 3 
23.2 20.4 16.3 4 
. 28.9 25.2 20.4 5 
[2a] 
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The following expression applies for —» c orientation. 
1.25 1.30 


~ 
w 
© 


. 
ow 
ww 


@w 
Nr wo 


w 


1/2 
+ (C14) 


ooo cooooo 
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UND OU WD 


e 


~N 


B - Modified Cross Flow Fraction - Pressure Drop (See Premise 2.1) 


= 1 
P 0.8 + [9] 


Where for —> > orientation: 


P +e Ma Pl H 
16 (€14) 1.1 Ge * 
14) 2 13 


From which the following values are obtained: 


ee 
oa 


ooooco 


In a similar manner the following expression for —-[ | orientation may be obtained. 


1.25 1.30 1.40 1.50 


|= 


RN 
a 


oooccoco 
. 


47 
1.50 PL 
13 Dy 
3/2 
N, = 4.7 | 
(c14) 
.46 
c 
+ 025 
(14)? 
‘16 
46 
.25 
1 0.20 
l 0.16 
2 0.16 
[a2] 
D 
a, 1.25 1.30 1.40 1.50 
1)3/2 
wn, =) 11.3 9.1 6.6 5.3 | 
P 1/2 
—+|[> 
3.2 2.8 2.24 1.92 1 
5.9 5.1 4.1 3.5 1.5 
1/2 8.9 7.7 6.2 5.4 2 
+e.) 14.2 12.3 10.0 8.5 3 
20 17.3 14.0 12.0 4 
25 21.6 17.4 15.0 5 
15 
1, 
3/2 
n, =) [11.3 9.1 6.6 5.3 | 
2.96 2.64 2.08 1.79 1 
5.5 4.8 3.8 3.3 1.5 
1/2 8.3 7.2 5.8 5.0 2 
+ 13.3 11.5 9.4 8.0 3 
18.5 16.3 13.1 11.2 4 
23 20.2 16.3 14.0 5 
[16] 
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The following expression applies orientation. 


1.25 1.30 


1.40 


+ 


C—Evaluation of c, 
N, = rows of tubes traversed in each baffle space 


Orientation 


Values of c, in accordance with the foregoing are tabulated on 
the friction-factor curve for various values of (D,/l;) and their 
recommended baffle cuts (H/D,). 


D—Evaluation of c, 
A, = mean crossflow area within tube bundle between baffle 
windows (in square feet) 


10 & 


144 


Orientation 
10 % 
144 


1.414 ey — 
144 


wd 


Assume = 0.97 


Values of c, in accordance with the foregoing are tabulated on 
the heat-transfer and friction-factor curves for various flow 
orientations and tube spacings (P/d2). 


E—Evaluation of M,, for Determining Geometric Mean of Cross- 
flow and Window Areas 


A, = V(A,AQ) = Rica) A, M.A, 
0.786 ds \*)) 
(-)" [: ] [19] 
M, = A 


144c,D,l; 
Replacing D,; with D,/cy and making a@ = portion of tube lay- 
out unoccupied by tubes 


c 


0.786¢2 D, 
a 


where 


Values of m in accordance with Equation [23] are tabulated on 
the recommended heat-transfer curves for various values of 
(D,/l;) and their recommended baffle cuts (H/D,). 


F—Heat-Transfer Correction for BaffleeWindow Proportions 

The heat-transfer coefficient in the window zone is taken to 
vary with the 0.6 power of the geometric mean of crossflow and 
window velocities. The heat-transfer coefficient in the crossflow 
zone is taken to vary with the 0.6 power of the crossflow velocity 


1 S. (i-&) 


TA [24] 


het = 
(MA, )o-6 (M.A,)* 


where S, represents the fraction of heat-transfer surface in the 
window zones. 

With baffle cuts H/D, graduated as recommended, the portion 
of the heat-transfer surface in the two window zones is approxi- 


mated by 
ls 


On this basis Equation [24] reduces to 


The variation of the A, multiplier (M) with D,/l; and (M,) in 
accordance with Equation [26] is shown in Fig. 10. 
G—Evaluation of Pressure Drop 


Equation [15]? may be rewritten 


Di Ne Ss (% \? 
AP, = 0.335¢, 


= 
dp 13 Di 
3/2 
1) [8.2 5.9 4.7 3.8 | 
172 
(c14) 
; 2.66 2.22 1.77 1.52 1 0. 
4.7 4.1 3.2 2.8 
6.1 5.0 4.2 2 0. 
: 11.3 9.8 7.9 6.8 3 0. 
; 15.8 13.7 11.1 9.5 4 0. 
19.7 17.2 13.8 11.8 5 0. 
N, —— 
H 
H D, 
10 (1-—)xs ( = s) 
( x) P 0.786c2 D, 
H 
(1-2) xs 
( ) x Dals 
P 
(25) 
1 1.67 
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1.15 


1.10 


1.05 


1.00 


ly 


Fic. 10 Az Muutiptier M ror Heat TRANSFER 
Equation [16]? may be rewritten 
10° Ay 


Combining Equations [27] and [28] with assumption (see premise 
2.3) F, = F,anden = 4f, 


= 0. — .[29 
AP = 0.335¢,S \ 104, i+; wave [29] 


Assume friction-factor corrections for the window zone vary with 


Then 


AP, 


d(\b/hr)F, “0.3 
ZA, 

ab far 
ZA, 


Substituting this value for f,,/f, in the last term of Equation [29] 
gives the following 


fe (a 2 Cz: 1 (4: 1.7 
Sc, A. Cs Se, A, 
Let it be assumed that the pressure loss in the baffle-window 
zone over and above the crossflow friction to its center varies with 


the geometric mean of window and crossflow velocities. Sub- 
stituting the geometric mean area A,, = A,'/*A,'/ for Ay, then 


Equation [33] becomes 
1 ( A 1.7 A 0.85 
Sc, Sc, \ Ay 


144c,Dgls 
Sc, 


0.786¢2D,? [ 


D=— 


Taking c:: = 2 cs = 0.6 


a = portion of tube layout unoccupied by tubes 
( dy 


y 


Representing 


~ 


then Equation [29] becomes 


Np f. \b/hr\? 
AP = 0.335c,S — [40] 
p @\ 
Values of y for the various baffle spacings, tube orientations, and 
pitches in accordance with Equation [38] have been calculated 
and are tabulated on the recommended friction-factor curves. 
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Discussion 


K. A. GarpNer.* Our understanding of shell-and-tube heat- 
exchanger rating undoubtedly would be far less advanced than it 
is, were it not for the author’s stimulating contributions to the 
subject, as exemplified by his current paper. The writer believes, 
nevertheless, that his approach, and that of a companion paper‘ 
contain elements which should be pursued with caution. 

The distribution of flow through baffled heat exchangers is 
hydrodynamically determinate. Equivalence of pressure loss 
through various flow paths sets the flow proportions beyond 
question if leakage areas and discharge coefficients are known. 
Blockage of flow paths by progressive fouling, when it can be es- 
timated, leads to new flow distributions which, however, are still 
determinate. The same cannot be said for heat-transfer coef- 
ficients, upon which more is said later. 

Any allowance for the effect of blockage of flow paths on pres- 
sure loss should not be thrown empirically into the first term of 
the denominator of the expression for F,. Hydrodynamic con- 
siderations too lengthy for reproduction here show that the ap- 
propriate form is 


3 Chief Engineer, The Griscom-Russell Company, Massillon, Ohio. 
Mem. ASME. 

4 “Heat Transfer and Fluid Friction During Flow Across Banks of 
Tubes—VI, The Effect of Internal Leakages Within Segmentally 
Baffled Exchangers,” by O. P. Bergelin, K. J. Bell, and M. D. 
Leighton, published in this issue, pp. 53-60. 
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0.85 
3 ‘ 5 
( 
fe (4:)™ [32] 
© 
[ |- .. (35) — 
| 


(ls/D, ) 


(ls/Di) + 


This being the case, substitution of 0.8 for 1.0 in the denominator 
is a purely artificial device for increasing the computed pressure 
loss above its expected value for nonfouled conditions. The 
term (/;/D;) is essentially a measure of the ratio of cross-flow area 
to baffle-window area, while the term $(D,/p) includes, among 
other things, the leakage areas, and is of such a nature that it 
should approach zero as leakage paths approach complete block- 
age. Since F,, obviously cannot exceed unity, the proper expres- 
sion should have any empirical modification for fouling allowance 
as a multiplier on the second term in the denominator (see also 
the author’s Equation [1a] ). 

With the foregoing in mind, the writer’s basic objection to the 
author’s approach is twofold: 


1 Any introduction of empiricism should not be in the expres- 
sion for F,, which is determinate on the basis of presently availa- 
ble knowledge, but rather in F,. 

2 There is no sound reason to believe that the complex mecha- 
nism of heat transfer in the ‘cross-flow zones,’’ involving cross- 
flow, orifice flow, and axial flow, should correlate on one of these 
mechanisms only; namely, pure crossflow. 


The writer’s company, like many others in the past, has de- 
signed and operated many heat exchangers on the basis of pure 
orifice flow; i.e., on deliberate leakage through the tube-baffle 
areas. The shell-side heat-transfer coefficients obtainable with 
clean fluids are of the same order of magnitude as those for cross- 
flow baffling with the same pressure loss. Thus, any loss in 
cross-flow heat-transfer coefficient due to orifice leakage tends to 
be compensated by an improvement in orifice heat-transfer coef- 
ficient. The author’s approach, if carried to the extreme of 
very small baffle windows, would predict coefficients approaching 
zero, since most of the shell-side flow would pass via orifices. 
This, obviously, is not what would happen since a respectable 
orifice-flow heat-transfer coefficient could be obtained. 

Inasmuch as the interaction of crossflow and orifice-leakage 
streams with respect to effect on heat-transfer coefficient is still 


F = 


indeterminate on the basis of present knowledge, it remains to 
be demonstrated to the writer that departure from the purely 
empirical but simple geometric-mean-velocity method of Dona- 
hue is warranted. Such departure appears least of all to be 
warranted when it is in the direction of tying heat-transfer coef- 
ficients (in the “‘crossflow zone’’) directly and solely to the cross- 
flow stream velocity. 


H. B. Norrace.® It is in order to raise a question concerning 
the possible limits of application for this most interesting and 
valuable paper. It is believed that the data basic to this paper 
were generally obtained with liquids such as water and oil. 
Would these data also apply for a liquid such as mercury, which 
does not wet steel surfaces? Also, can any general assurance be 
given that the rating system will apply generally to liquid metals? 
5 Project Manager, Propulsion Research Corporation, Santa 
Monica, Calif. Mem. ASME. 
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AvuTHOR’s CLOSURE 


Dr. M. D. Leighton’s oral discussion with slides showing com- 
parisons of University of Delaware test results with his per- 
formance predictions based on the author’s rating system was 
very timely and convincing Two heat exchanger units of com- 
mercial size were compared, one with large baffle hole and edge 
clearances and leakages, and the other with tight fitting baffles 
and negligible leakages. In the six performance points compared, 
the heat-transfer coefficient prediction agreed with test results 
within seven per cent on the average. The pressure drop test 
values were in all cases somewhat less than the predicted fouled 
heat exchanger values which, Dr. Leighton stated, appeared 
reasonable since the exchangers were in a very clean condition 
when tested. 

The author’s 1951 London shell side papers represent the first 
work to recognize the importance of the fluid flow pattern on heat 
exchanger performance and to develop analytical procedures for 
evaluating the fluid flow distribution on the shell side of a heat 
exchanger. The present paper employs these techniques to 
carry the analysis a bit farther and to derive basic formulas for 
readily calculating the fraction of the total fluid that flows 
through the cross flow area within the limits of the tube bundle. 
This flow fraction evaluation is the key to the simple rating sys- 
tem outlined in the paper. An amplification of certain steps 
outlined at the beginning of the paper under primary premises, 
and in further detail in the derivations, may clarify a number of 
points of misunderstanding indicated in Mr. Gardner's discus- 
sion. 

Fluid Flow Fraction 

The flow fraction is determined by considering the effect the 
hydraulic resistances and dimensions for the various flow routes 
through the exchanger shell have on the relative flow quanti- 
ties through these various routes. The use of a flow fraction deter- 
mined in this manner obviously will give much more accurate 
velocity and performance predictions than are possible with 
purely empirical methods that neglect the influence of certain 
clearances, tube arrangements, pitches, and so forth, on the frac- 
tion of the total fluid flowing through the tube bundle. The 
formula for flow fraction (F') determined as outlined is expressed 
in terms of the basic dimensions and clearances built into the 
shell side of the heat exchanger and is as indicated in Equations 
[3] and [9]. This relationship may also be represented as fol- 
lows 


1 
[48] 


The bracket in the denominator is referred to in the paper as the 
rating number N whose three elements are proportional to the 
relative magnitude of the leakage and bypass streams as follows 


P 
S(eudfi (7) is proportional to the tube bundle bypass cur- 
2 


rent (Qcr) 
is fe is proportional to baffle tube hole leak- 
2 3 
age (Q4r) 
P D,\ 
f(cis)fs - fs = is proportional to the leakage between 
3 


the baffle edge and the shell (Qez) 
Equation [48] can be rewritten in a very simple form to give a 
clearer picture as follows 


1 V + fQar + {Qer!) 


50 
i or 
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Flow Fraction for Heat Transfer 


The numerical value of the flow fraction F, for a clean unit which 
may be used in selecting a clean heat-transfer coefficient is ob- 
tained by inserting the dimensions of the unit in the denominator 
of the flow fraction (Ff) formula (Equation [49]) or (Equation 
[3] ). 


Flow Fraction for Pressure Drop 


Clean Heat Exchanger. If the exchanger is absolutely clean, 
its actual dimensions and clearances would govern the fluid flow 
distribution, and the flow fraction for predicting pressure drop 
through the tube nest would be the same as that used in selecting 
the clean heat-transfer coefficient, thus 

Clean F F 

Fouled Heat Exchanger. Fouling may be in various forms, dis- 
tribution, and degree. Here the judgment of the designer comes 
into play in evaluation for different classes of service. "It can be 
assumed that one or both of the leakage routes (baffle holes, 
baffle edge) could become partially or totally plugged. For 
example, if we assume the baffle holes completely plugged with 
dirt and the hole leakage area and the flow reduced to zero, then 
fQar = 0, and the flow-fraction Equation [49] reduces to 


1+ VS[fQcr + (50) 


If we take this unit fouled, as just suggested, and further con- 
sider that dirt coatings on the tubes, tierods, and so forth, re- 
strict the area of the remaining flow passages to 80 per cent of 
their clean value, then, from the standpoint of pressure drop, the 
unit would act as if the fluid flow rate through the tube bundle 


= 1.25 times the Equation [50] value 


1 
had been increased to 


and could thus be represented as 
1.25 
Fouled F, = 
1+ VS[fQcr + 


which may be reduced to 


1.0 


ro | 
O08 + S| 
1.25 


Fouled F, = 
1.25 


This latter equation is of the form and value suggested by 
Equations [13] and [14] and is safe for most exchangers with a 
reasonable amount of fouling. 

It is, of course, obvious that no single flow-fraction adjustment 
could accurately describe bundle flow-fraction and pressure-drop 
conditions for all different types and degrees of fouling. Con- 
sidering Equation [48] or Equation [49] in its elements, we have a 
flexible system where we can predict the effect on the bundle flow 
rate for any practical or reasonable assumption as to the diminu- 
tion of any leakage stream or flow area that could result from 
fouling. 

Adjusted flow fractions, as suggested herein, for fouled pres- 
sure drop evaluation are not intended to be used for the selection 
of fouled heat-transfer coefficients since it is recommended that 
clean coefficients be used in conjunction with appropriate fouling 
resistances such as published in the TEMA Standards. 


Heat-7 ransfer Coefficient Premises 


The author's approach does not tie the heat-transfer coefficient 
solely to the cross-flow stream velocity, but in the cross-flow 
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space between baffles it is assumed the coefficient will agree with 
the Delaware research values for pure crossflow, and in the baffle 
window zone it is assumed that the coefficient will correspond to 
a cross-flow coefficient taken at the geometric mean of the cross- 
flow velocity between baffles and the parallel-flow velocity 
through the baffle window. Appropriate multipliers are de- 
veloped to properly weight the respective transfer surfaces and 
coefficients of these zones for arriving at the over-all coefficient. 


Heat Exchanger Design 


The author’s analysis did not consider heat exchangers with 
windowless baffles, but was derived for segmentally baffled heat 
exchangers designed with the baffle window graduated with 
baffle spacing to give window areas of the same general magni- 
tude as the cross-flow areas. For these practical design propor- 
tions, as specified throughout the paper, the performance pre- 
dictions line up very satisfactorily with laboratory performance 
test results. 

Table 5 shows clearance constants and baffle window cut pro- 
portions for a typical line of clamp ring floating head-type heat 
exchangers. 


Table 6 shows typical design dimensions for a 25-in. X 240-in. 
heat exchanger of the same type. 


TABLE 6 


0.9875 > _ 

0 784 
0.75 * 
25.00 5 = d = 
24.80 

240 

13.5 1.25 


= 1.075 


0.045 


0.008 


0.20 


240 25 
~ 412.5 ~ 0.937 
19 26 » 


The actual rating of the heat exchanger shown in Table 6 is 
very simple using the rating numbers calculated and tabulated 
on the design curves of this paper for exchangers of the indicated 
typical proportions. 


Table 7 illustrates this typical rating example. 


TABLE 7 


Use Fig. 1 and Fig. 2 with tabulated constants. 
Heat Transfer, Fig. 1 
= cdalh = 0.00135 x 12 +x 23.25 = 0.392 
“T+ Ou x vee 
mV/eu = 0.85 1.075 = 0.88 M = 0.96 (Fig. 10) 
d2F, Ib/hr 0.75 X 0.264 (lb/hr) = 00181 (lb/hr) 
29ZM A, 29 X 0.96 XK 0.392 (Z) Z 


= 
C2 
H (cut 
| ls dD, away ) 
= 1.075 1.5 0.34 0.30 
2 0.25 0.20 . 
Os = a = 0.045 3 0.20 0.15 
4 0.16 0.10 
Dz _ 9.008 5 0.16 0.10 
d, = 
D, = 
1 => 
Jo ae | 
H 
0.25 
A; 
Fi 
M. 


Pressure Loss, Fig. 2 
i 
0.80+ N,VS + (0.30 26.6) 
(lb/hr) 
0.0282 


= 0.427 


_ 0.75 X 0.427 (lb/hr) 
$624, — 29 0.392 Z 
Select f, at Rep 
5.0 


~ (1.075) 
= 0.334 X 0.87 X 26.6 X 


0.392 


26.6 


_ 147 fz (0.427 lb/hr 


p  \0.392 105 


2 
) (1 + 0.177] 

If a unit to be rated has clearance constants differing widely 
from the typical values shown in the example, then rating num- 
bers N, and N, for clean and fouled conditions would be calcu- 
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lated using Equations [10] and [15]. and the clean and fouled 
flow fractions F, and F,, would then be determined as indicated 
by Equations [3] and [13]. 


Liquid Metals 


With regard to Mr. Nottage’s inquiry concerning the use of this 
rating system for liquid metal applications, the author believes 
it would give satisfactory indications of the tube-bundle flow 
fraction. 

If the heat-transfer coefficient behavior of the liquid metal, 
with respect to cross-flow and baffle window parallel-flow veloci- 
ties, agreed with the heat-transfer premises noted in the paper 
and in the preceding Closure, then heat-transfer predictions for 
liquid metal should be valid. For pressure-drop considerations 
it is possible that the flow fraction should be taken much nearer 
the clean value than is suggested for heat exchangers in the usual 
fouling service. 


52 
Re, 
y 
AP 
a. 
. 


Heat Transfer and Fluid Friction During 
Flow Across Banks of Tubes—V I 


The Effect of Internal Leakages Within 
Segmentally Baffled Exchangers 


By O. P. BERGELIN,' K. J. BELL,? ann M. D. LEIGHTON? 


An experimental study has been made of the leakage 
past segmental baffles within tubular heat exchangers 
with no fouling. Orifice coefficients are given which will 
permit calculation of the amount of leakage if the pres- 
sure difference across the baffle is known. For the case of 
turbulent flow of the main stream in the exchanger, the 
effect of internal leakage upon pressure drop and heat 
transfer is shown by comparing experimental results from 
exchangers with known internal clearances with the results 
from an exchanger with no internal clearances. Internal 
clearances comparable to those encountered in commer- 
cial practice were found to lower the heat-transfer co- 
efficient to around 55 per cent and the pressure drop to 
around 30 per cent of the values without internal leakage. 
Graphs are presented which will aid in estimating the re- 
duction in pressure drop and heat transfer resulting from 
internal leakages. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


= heat-transfer area, sq ft 
= orifice coefficient, dimensionless 
weighted orifice coefficient, SsCa + SrCr , dimensionless 
Ss + Sr 
= hole diameter, ft 
tube diameter, ft 
= friction factor of Chilton and Genereaux 
= , dimensionless 
4NW,? 
mass velocity, lb/(sq ft)(hr) 
dimensional constant (lbw )(ft)/(Ibr)(hr)? 
average heat-transfer coefficient for entire exchanger, 
Btu/(hr)(sq ft)(deg F) 
constant 
length, ft 
number of rows of tubes in crossflow 
effective restrictions in crossflow and window 


1 Professor of Chemical Engineering, University of Delaware, 
Newark, Del.; presently at University of Dacca, Dacca, East 
Pakistan. Mem. ASME. 

2 Assistant Professor of Chemical Engineering, Case Institute of 
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Engineering, University of Delaware, Newark, Del. 

3 Research Fellow, Chemical Engineering Department, University 
of Delaware, Newark, Del. 
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Annual Meeting, New York, N. Y., November 25-30, 1956, of Tue 
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= pressure difference along main flow streams, psf 
= average pressure difference across one baffle 


3 
+ AP yw, psf 


cross-sectional area for flow, an average of minimum 
clearances for each row, sq ft 

cross-sectional area for flow within bundle, not including 
bundle bypass stream, sq ft 

total cross-sectional area for flow, S, = Sg + Sp 

weighted leakage area per baffle S, = Ss + Sy 

velocity, fps 

velocity at average minimum area of crossflow section 
S, based on no leakage, fps 


weight rate of flow, lb/hr 


thickness of orifice plate 


ifi she f ot = 
shape factor width of orifice slot 


density, pef 
viscosity, lb/hr ft 


p= 
= 


Subscripts 


= for one crossflow section within bundle 
with leakage 
nonleakage 
over-all value for exchanger 
bypass stream 
between baffle and shell 
surface 
between baffle and tube 
total for crossflow 
for one window section 


INTRODUCTION 

In previous papers, results were reported on the pressure drop 
and the rate of heat transfer during flow across tube banks (1, 2) 
and for flow on the shell side of a cylindrical baffled heat exchanger 
without appreciable internal leakage (3). The results for the 
baffled heat exchanger were shown to be consistent with results 
for flow across tube banks, and a method was proposed for pre- 
dicting the performance on the shell side of baffled exchangers by 
making use of the crossflow data of the simple models. 

The present paper presents information on leakage through the 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tube holes and around the edges of baffles in heat exchangers, and 
shows the effect of these leakages upon pressure drop and heat 
transfer. In this presentation the flow through an annular open- 
ing will be discussed first, then flow past a single baffle, and finally 
flow in exchangers with more than one baffle. 


Firow THrouGH ANNULAR ORIFICES 


The leakage around baffles and through tube clearances can be 
treated as flow through annular orifices, but discharge coefficients 
for such orifices have been reported in the literature for only nar- 
row ranges of geometries and flow rates (4, 5). Therefore a 
rather extensive research program was undertaken by Sullivan, 
for flow through the single and multiple orifices formed by rods ex- 
tending through holes in plates (6), and by Bell for flow past a 
circular plate fixed perpendicular to the axis and within a tube of 


slightly larger diameter (7). It was found that the coefficients for 
these two cases could be represented as identical functions of the 
Reynolds number and the ratio of the orifice length Z to clearance 
D-—d. The family of curves, shown in Fig. 1, with the Reynolds 
number through the orifice as a parameter, represents both cases 
for concentric alignment. It also was found that any eccentricity 
in the annular orifice has a considerable effect upon the amount 
of fluid discharged by the orifice, particularly for viscous flow. 
In an exchanger, any misalignment such as might be caused by 
the bowing of tubes during rolling-in, or due to the weight of the 
bundle, will result in eccentric orifice openings. The tangent 
condition for every orifice within an exchanger was considered 
the most probable orientation and Figs. 2 and 3 are based 
on this premise. In order to determine the flow rate for a 
known pressure drop through a tangent orifice with a known 
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orifice-plate thickness-to-clearance ratio Z, a simple trial-and- 
error procedure is necessary using Fig. 2 and the defining equa- 
tions 
Ww 
Cs . 
S(2pg.dp) 
(D- aw 


Re 


[3] 


Inserting known values into Equations [1] and [2] and com- 
bining them gives an expression of the form Re = KC. By mov- 
ing vertically along the given Z-line, the C-value which satisfies 
this equation can be easily located. This value of C in Equation 
[1] will give W, the weight rate of flow through the opening. 

Using Fig. 3, a quick estimate of the flow rate is possible with- 
out trial and error. First evaluate the ordinate, then read the 
corresponding Reynolds number from the appropriate Z-curve, 
and solve the resulting Reynolds number for W. Although this 
method is rapid, the accuracy is not as good as for the method 
using Fig. 2. 


c? 


= 
a 
a 


(O-¢) 
Fic. Co_surn ror Computine Barrie Leakace FLow 
Rate 


Re= 


By using either of these methods the leakage across any baffle 
can be determined if the baffle clearances and the pressure dif- 
ferences across the baffle are known. However, in designing an 
exchanger, these pressure differences usually are unknown and 
values must be found which will cause the total flow to divide 
itself among the main stream and the leakage streams so that be- 
tween any two points inside the exchanger the pressure difference 
is the same along any flow path. A design at present must be 
obtained by a trial-and-error determination of the pressure dif- 
ferences across each baffle. 


FLow AROUND A SINGLE BAFFLE 
The first heat-exchanger leakage studies were made on Model 


No. 8 shown in the lower part of Fig. 4. The results of these 
studies were not suitable for design purposes, but they served to 
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verify the mathematical analysis of Sullivan (6). This analysis, 
although simplified by numerous assumptions, gives expressions 
which are too complicated for general use, but which indicate 
the way in which some of the operating conditions affect leakage. 
The analysis shows that the rate of leakage through the annular 
orifices formed where tubes pass through baffles is a function of 
the crossflow friction factor, the number of rows of tubes across 
which the fluid flows in each baffle section, the pressure drop 
through a baffle window, the ratio of the leakage area to the cross- 
flow area, and the ratio of the pressure drop through the leakage 
opening to the pressure drop for a crossflow section. The result- 


ing expression 
S,CL(NS)'? ( bp 
S, AP, 


serves as the basis for an empirical correlation which is presented 
later in this paper. 
MvULTIBAFFLED EXCHANGERS 

Equipment and Procedures. The first cylindrical, baffled ex- 
changer used for internal leakage studies was Model 9, shown in 
the upper part of Fig. 4. The clearance between the tube bundle 
and the shell was made as small as possible and rods were placed 
in this space to minimize bundle bypassing. The average flow 
area of the bypass channel was about 15 per cent of the crossflow 
area, and so, while the bypassing could not be varied, it was held 
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at a value comparable to good commercial practice. The leakages 
around the tubes, and between the shell and baffles, were studied 
separately by using sheet neoprene gaskets to cover first one 
leakage area, then the other. Finally, tests were made with both 
leakage areas uncovered. 

Following the tests on Model 9, a similar series of tests was 
made on Model 10. Fig. 5 is a sectional view of this exchanger 
which shows the width of the bypass stream. Fig. 6 is a view of 
the exchanger ready for insulation. A detailed comparison of the 
two exchangers is given in Table 1, but the principal differences 
between the two are: 

(a) Model 10 has a larger shell diameter, smaller tube diameter, 
and many more tubes. The proportions are thus much closer to 
those of commercial exchangers. 

(b) Model 10 has triangular instead of staggered square_tube 
arrangement and has a greater pitch ratio. 


DIMENSIONS OF EXCHANGERS 


__ MODEL 10 __ 
5.25 8.378 
80.0 470 
16.125 16.126 
0.0625 0.0625 
Staggered Square Trianguler 
1.25 1.33 
3/8", 18 Bwo 1/4", 18 Bwo 
3/16" rods none 
18.4 17.56 


TABLE 1 


Inside shell diameter, in. 
Number of tubes 

Length between tube sheets, in. 
Baffle thickness, in. 

Tube Arrangement 

Tube pitch 

Tubes 

Tube Cores 

Baffle cut as £ of shell diameter 


Tube rows in cross-flow section 10 19 
Estimated by-pass area, £ of 

Tube rows in window 

Humber of baffles 

Distance between baffles, in. 


Cross-flow area, 8, 8q.ft. 


Window free area, Sy 9q.ft. 


Total heat transfer area, A, 
Sq.ft. 


Window heat transfer area, Ay 
Sq.ft. 


Dummy tubes 


TL2 - Case 2 #10 


Three conditions of leakage were studied with Model 10. 
These are given in Table 2. 


TaBLe 2 CONDITIONS 


Diametrical Diametrical 
tube-baffle shell-baffle 
clearance, clearance, 

Symbol in. in. 

10-NL 0.0 

10-TL1 0.086 

10-TL2 0.080 


The average bypass area for Model 10 was estimated as 15 per 
cent of the crossflow area. 
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Details of the equipment, the methods of measuring the tem- 
perature and pressure, and the procedure for carrying out a test 
run were given for Model 9 in a previous paper (3). Similar 
auxiliary equipment, but larger in size, was used with Model 10, 
and the general operating procedures were the same. The physi- 
cal properties of the oil are given in Table 3. 

Experimental Results. The experimental results are shown in 
detai! in Figs. 7, 8, 9, and 10. In Figs. 7 and 8 the nonleakage 
results are taken from reference (3). The leakage results are 
typical curves which show the usual spread of data. The data 
poinis are not shown in Figs. 9 and 10 which summarize the re- 
sults.6 The abscissa in all of these figures is the hypothetical 
bundle crossflow velocity Vy, calculated on the basis of no 
leakage. Some pressure-loss patterns within Model 10 are given 
in Fig. 11. The relative effects of leakage upon heat transfer and 
pressure drop are summarized in Table 4 and are also shown in 
Figs. 12, 13, and 14. 

Discussion of Results. It is apparent from Figs. 9 and 10 that 
even small clearances within an exchanger have an appreciable 
effect upon performance. The reduction in pressure drop is, in all 
cases, greater than that for heat transfer; therefore, properly de- 
signed clearances might lower the pumping-power requirements 
considerably, even though a somewhat larger exchanger would be 
needed. The possible detrimental effects of fouling, however, 
must be taken into account in considering controlled leakage as a 
factor for design. 

Evidence of interaction among the various leakages can be seen 
by comparing curves G and H of Fig. 9. Here the heat-transfer 
coefficient is increased by adding leakage area around the tubes 
while the pressure drop is lowered. The reason for this anomaly is 
that the leakage stream around the tubes is in contact with heat- 
transfer area, but the baffle-shell leakage stream does not come 
into contact with any heat-transfer surface. The same sort of 
reasoning might be applied to the bypass area between the bun- 
dle and shell. The importance of this bypass stream has been 
pointed out by Tinker (8) and Fritzsche (9), but only a slight 


TaBLe PuysicaL Properties or Guir 896 


+ + 


P 
Btu Btu lb. lb. 
(1d.)( °F.) (hr.)(ft.)( °F.) (hr.)(ft.) (cu.ft.) 


10.1 
6.62 
4.91 
3.72 
2.91 


0.486 
0.504 
0.521 
0.538 
0.558 


0.0814 
0.0807 
0.0799 
0.0792 
0.0784 


50.6 
49.9 
49.2 
48.5 
47.8 


Experimentally determined values 


* calculated using equation of Watson and Nelson, IBC 25, 880 
(1933): 
C_ = 10.6811 - 0.3088 #t(0.000815 - 0.000306s)} (0. 


where s = specific gravity at 60° F.; 


t = temperature, °F.3 
and K = characterization factor. 


** calculated using equation of C. S. Cragoe, Bureau of Standards 
Mics. Publication No. 97: 


where s = specific gravity at 60°F. 
and t = temerature, °F. 


* Complete tables of data will be published in a research bulletin. 
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amount of quantitative information on it is now available. Tests 
are in progress, as a part of this research project, to obtain more 
information on the bypass stream. Until this or similar informa- 
tion is available, the present results should be applied only to 
exchangers which have tube bundles that leave a bypass area less 
than 15 per cent of the bundle crossflow area, or which have seal- 
ing strips to block the bypass stream. 
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During the leakage studies with Model 10, internal pressure 
measurements served to give some insight into the flow distribu- 
tion within the exchanger. Typical pressure patterns are shown 
in Fig. 11. In assembling the model care was taken to give the 
two end crossflow sections the same baffle spacing as the center 
sections. Fig. 11 clearly shows that excessive pressure losses 
occur in these inlet and outlet sections, probably because no fluid 
can leak through the tube sheets and all of it is directed across the 
tubes near the nozzles. The nozzles themselves were so large 
that there was practically no entrance or exit loss from the shell. 
Another observation is that the leakage has reduced the flow 
through the windows sufficiently to give low window pressure 
losses even with a small window area. Qualitatively then, it ap- 
pears that, in the design of an exchanger where considerable 
leakage is expected, the end crossflow sections should be wider 
than the center crossflow sections; and the window cut-down 
can be made on the order of 20 to 25 per cent of the shell diameter 
without causing excessive pressure losses. The abnormally low 
pressure drop for the sections next to the ends probably results 
from the high rates of leakage through the end baffles caused by 
the larger pressure difference across those baffles. 

Typical values shown in Table 4 indicate that, for the leakage 
areas commonly encountered in practice, the 0.6 design factor 
mentioned by McAdams (10) and others, for correcting calculated 
crossflow heat-transfer coefficients so that they will apply to 
baffled heat exchangers with leakage, is in rough agreement with 
the results of this research. For the same conditions, the pressure 
drop is only 25 to 50 per cent of the nonleakage value, and it seems 
that a design factor of about 0.4 might be applied to a calculated 
pressure drop based upon no internal leakage. Such a pressure- 
drop design factor may be permissible for clean fluids, but if 
fouling occurs and some of the narrow leakage passages become 
clogged, the pressure drop will increase and may approach the 
nonleakage value. Therefore reduction in the design pressure 
drop because of internal leakages involves a certain amount of 
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Sections In a Heat EXCHANGER 


risk. The heat-transfer coefficient, on the other hand, will be 
somewhat improved by the reduced leakage and the 0.6 factor 
for heat transfer will be more conservative than before. 

In Fig. 12 the individual pressure drop and heat-transfer co- 
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CLEARANCE , INCHES 


0.013 
0.013 
0.013 
0.022 


0.236 
0.336 
0.452 
0.775 
0.485 


0.013 


CLEARANCE IN INCHES 
SYMBOL TUBE-BAFFLE SHELL~BAFFLE 
0.02! 0236 
0.063 0.336 
0133 0452 
0.080 0485 
086 o775 


02 


Si/S 


12 Retative Pressure Drop Heat TRANSFER VERSUS 


Ratio 


AP, /OPy 


GULF 896 OIL IN TURBULENT FLOW AT AVE. BULK 
TEMPERATURE OF I5O°F, VISCOSITY 185 CP 

CLEARANCE IN INCHES a 
SYMBOL TUBE-BAFFLE SHELL-BAFFLE 
0.086 
0187 
0.050 
0149 
0 266 


FIG 13. RELATIVE PRESSURE DROP AND HEAT 
TRANSFER FOR SINGLE oe IN MODEL 9 


020 
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efficient ratios of Table 4 are shown as functions of the ratio of 
leakage area S, to total crossflow area S, Although there is 
quite a difference in the geometry of the two exchangers, the rela- 
tive pressure decrease is nearly the same. The agreement is not 
quite so good in the case of heat transfer, but the trend is close 
enough to permit good estimates of exchanger performance if the 
internal dimensions are known. While the area ratio is simple to 
use, and should be readily available from exchanger specifications, 
it does not include the effect of the flow rate, the orifice coefficient, 
the number of effective rows per baffle section, nor the physical 
properties of the fluid, all of which were predicted by Sullivan’s 
analysis to affect the leakage. 

Sullivan’s resistance ratio is used as the abscissa in Figs. 13 and 
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FIG 14 RELATIVE PRESSURE DROP AND HEAT 
TRANSFER FOR COMBINED LEAKAGES 
vs ere FACTOR 
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Fic. 14 


14. The correlation is considerably better and the results for 
each arrangement now follow the trend of the curve. However, 
when the analysis is applied to a cylindrical baffled exchanger a 
number of assumptions must be made. The leakage driving force 
6p varies along the baffle; the shape factor Z is different for the 
tube holes and the baffle edge; and the crossflow frictional re- 
sistance factor (fN)'/* varies with flow rate and geometry. In 
Figs. 13 and 14 these terms have been given the arbitrary defini- 
tions shown in the nomenclature, but additional information, 
particularly on bypassing, is needed. Some of this information 
is available and was used to prepare the present definitions, but 
the relationships are not yet considered well enough established 
for use in design. 

Fig. 13 shows that a given amount of leakage area between the 
shell and baffle has a greater effect upon heat transfer and pressure 
drop than the same amount of area between the tubes and baffle. 
The clearances between the baffles and shell should be kept small 
if high heat-transfer coefficients are desired. A bored shell and 
accurately machined baffles may be justified in cases where the 
velocity in the tube bundle should be maintained high to prevent 
fouling, or where the size or weight of the exchanger is an im- 
portant factor. 

Until more data are available, an approximate design procedure 
for an exchanger with sealing strips, or a tube bundle that 
nearly fills the shell, would be to calculate the pressure drop and 
heat transfer for a “nonleakage’’ exchanger by the method pre- 
sented in (3). The expected decreases in pressure drop and 
heat transfer due to leakage then could be estimated by know- 
ing the internal clearances of the exchanger and using Fig. 12. 

A time-consuming, but probably more reliable, method would 
be first. to calculate the crossflow and window pressure drops for 
nonleakage conditions. Then from Fig. 12, a leakage correction 
factor for these pressure drops can be obtained. With the result- 
ing pressure drops the leakage driving forces can be calculated 
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Taste 4 Errect or INTERNAL LEAKAGES Upon Pressure Dror AND HEAT TRANSFER 


Diametrical Percent of Non-Leakage Case 
ap b 
en ° 
Re=1000 - Re=3500 Re=10,000 Re=1000 Re=3500 Re=#10,000 
MODEL BO. 9 
0.000 0.000 100 100 100 100 100 100 
0.013 0.000 66 58 50 87 63 60 
0.000 0.021 63 61 61 80 62 60 
0.013 0.021 58 51 50 83 62 80 
0.000 0.063 ba 42 4o 70 70 70 
0.013 0.063 38 35 32 66 69 70 
0.000 0.133 2 2 2 55 59 60 
0.013 0.133 27 26 24 61 64 63 
MODEL BO. 10 
0.000 0.000 100 100 100 100 100 100 
0.013 0.080 3 26 26 Su Su Su 
0.0218 0.086 19 18 18 47 48 48 
and the leakage flows can be determined. The true crossflow ACKNOWLEDGMENT 


stream is determined next by subtracting the leakage flows from 
the total flow. Then from available crossflow correlations, the 
true crossflow pressure drop and heat-transfer coefficient can be 
calculated. If the calculated pressure drop does not equal the 
assumed crossflow pressure drop, a new value is assumed and the 
procedure repeated until equality is obtained. A more complete 
discussion of the various leakage streams, and the application of 
leakage data to this type of design procedure will be the subject of 
a later paper. In using either method the application of the 
estimated reductions due to leakage must be the responsibility of 
the individual designer. He can judge the cleanliness of the fluid 
in question and can estimate the penalty which may result if pres- 
sure losses increase markedly due to fouling of the leakage pas- 


sages. 
CONCLUSIONS 


1 Internal leakage has a far greater effect upon pressure drop 
than it does upon heat transfer. Nominal internal clearances may 
reduce the pressure drop to 25 per cent of the nonleakage value 
while the heat-transfer coefficient is only reduced to about 50 per 
cent. 

2 Leakage between the baffle and shell seems to have a greater 
effect than leakage around the tubes. A bored shell and close- 
fitting baffles are needed if the major part of the fluid stream is to 
flow in the path defined by the baffles. 

3 The addition of leakage around the tubes to the case of 
leakage between the baffle and shell lowers the pressure drop, but 
on occasion may increase the heat transfer. 

4 In the turbulent-flow zone the relative effects of leakage do 
not vary appreciably with the flow rate. 

5 One leakage stream may modify the effect of another leak- 
age stream. The effect of all leakage and bypass streams must be 
known before reliable design predictions can be made. 

6 The amount of leakage area is the major factor in determin- 
ing the effect of leakage upon heat transfer and pressure drop; 
but the fluid properties, the flow rate, and the location and shape 
of the leakage areas are also important. 

7 In an exchanger with appreciable leakage, the baffle spacing 
at the ends should be wider than the central spacing, and the 
windows should be small. 

It should be understood that the foregoing conclusions are 
based on studies of fluids in turbulent flow through unfouled 
exchangers with segmental baffles and relatively small bypass 
areas. The designer should use caution if he tries to apply these 
results to other cases. 
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Sublimation From Disks to Air Streams 


Flowing Normal to Their Surfaces 


By H. H. SOGIN,? PROVIDENCE, R. I. 


Mass transfer by sublimation from 4-in-diam naphtha- 
lene disks to the stagnation regions of impinging jets of 
air was calibrated with heat transfer by convection in an 
identical configuration. Within the limits of the experi- 
mental reproducibility, all results were brought into a 
single correlation using Colburn’s formulation of the heat- 
mass analogy. The calibration was then employed to 
obtain mean coefficients of heat transfer on disks with free 
edges. This part of the investigation was performed using 
two sorts of air streams; namely, a 10-in-diam jet dis- 
charging freely into the atmosphere and a 5-ft-diam 
stream in a closed throat of a windtunnel. The air speeds 
ranged from 22 to 293 fps, and the disks, made of naph- 
thalene or of paradichlorobenzene, were 2.25 and 4 in. 
diam. The results of this part of the investigation may be 
represented by the equation 


| GD, 
Jj ) = 1.08 
f 

with a probable error of +3 per cent. Including Powell’s 
work on evaporation of water from disks, the equation 
covers a range of Reynolds number from 2000 to 600,000 
with a maximum deviation of about +10 per cent from the 
experimental points. The results of this work possibly 
may be of some general interest with regard to heat 
transfer at the stagnation region of a surface of revolution 
and perhaps may be of some use in dew point or water- 
content instrumentation. 


NOMENCLATURE 
area 
const 
mean coefficient of mass transfer 
const; mean value of constant from several tests 
specific heat of air at constant pressure 
diameter 
= diffusivity of vapor in air 
mass velocity of main stream 
= mean coefficient of heat transfer 
mechanical equivalent of heat (778 ft-lb/Btu) 


Yr 
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ried out under Contract No. W33-038 ac-16808, sponsored by the 
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h 

Ge, 
conductivity of air 
molecular weight 

rate of mass transfer 
(Prandtl number) 
GD/u, (Reynolds number) 
u/(pD) (Schmidt number) 
pressure 

gas constant 

radius 

absolute temperature 
temperature 

free-stream velocity 

latent heat of sublimation 
dynamic viscosity 

density or concentration 


b 2 
— Na, /* 
or U Se 


Subscripts 
= air 

mean fiim 

jet 

main stream 

plate or disk 

recovery 

vapor 

wall or surface 


a 


INTRODUCTION 


In spite of their familiarity with its applications, mechanical 
and aeronautical engineers have not exploited the heat-mass 
transfer analogy to obtain heat-transfer data from mass-transfer 
models of practical shapes. Possible reasons for the analog not 
gaining considerable favor are that its limitations are not entirely 
known and that the accuracy with which it can be used to pre- 
dict corresponding rates of heat transfer has not been fully deter- 
mined in all flow regimes. 

This paper demonstrates how one set of mass-transfer data was 
reduced to agree with the correlation of a corresponding set of 
heat-transfer data. It is suggested that the same type of reduc- 
tion could be employed fruitfully in other configurations, using 
naphthalene in the experimental analog. 

Today it is recognized that heat-transfer data from similar sur- 
faces to various air streams flowing under apparently physically 
similar conditions may differ by considerable amounts. These 
differences have been ascribed to main-stream turbulence, partly 
on account of its gross influence on boundary-layer transition 
from laminar to turbulent flow, partly owing to its local effects. 
It is not surprising, therefore, that when heat and mass-transfer 
correlations from different sources are compared, large differences 
often are found. 

At the time that the experimentation of the present paper was 
under way, Froessling (2)* had already employed the sublimation 
of naphthalene to simulate heat transfer from spheres; and Wind- 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


j = 
M = 
Ner = 
Nre 
Nse = 
p = 
R= 
r= 
= 
t= 
U = 
— 
= 
| 
A 
B,, B, | 
| 
| - 
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ing and Cheney (12), Bedingfield and Drew (1), and others were 
using naphthalene in a variety of other configurations. Appar- 
ently, none of these workers had the opportunity to check whether 
heat transfer by convection in identical configurations, employing 
the same air streams, would coincide with their mass-transfer re- 
sults. Our idea was to check the analogy by simulating a heat- 
transfer setup with an identical mass-transfer setup, using 
naphthalene as a subliming medium. In a sense, this would pro- 
vide a calibration of the technique. 

Jakob and Kezios (5) had been investigating the heat transfer 
by convection from circular, steam-heated plates 4 and 8 in. in 
diam to air streams issuing into the atmosphere and blowing 
against the plates in the normal direction, as shown in Fig. 1. 


/ BAFFLE PLATE 


ROUND NOZZLE — 


Fig. 1 EXperRIMENTAL CONFIGURATION OF SERIES A AND B 


The diameters of the air streams, or jets, ranged from 5 to 10 in. 
This configuration was employed in the mass-transfer tests‘ using 
only 4-in-diam plates, which could be accommodated conveniently 
by a balance. Thus experiments in the two separate fields, 
employing identical air streams as well as identical configurations, 
could be compared and brought to a common correlation. 

Further, to ascertain whether tests on surfaces submerged in the 
air jets would be as reliable as those from a conventional wind 
tunnel, some data on the mass transfer from disks to an air jet of 
the IIT Heat Transfer Laboratory were compared with corre- 
sponding data obtained in the Five-Foot Wind Tunnel at WADC. 

The results on the disks with free edges are compared with the 
evaporation measurements by Powell (8). Also, they are gener- 
alized to predict rates of heat transfer from disks in accordance 
with the afore-mentioned calibration. 


Scope OF THE EXPERIMENTS 


The sublimation experiments were divided into five series whose 
descriptions and ranges of air speeds and temperatures are listed 
in Table 1. Mean coefficients of mass transfer were measured in 
all the tests by weighing the specimens before and after exposure 
to an air stream. 

The configuration of Series A and B is shown schematically in 
Fig. 1. The disk is flush with the baffle, and the plane of the 
baffle is perpendicular to the axis of the jets. Compared to the 
sizes of the disks and jets, the baffle is sufficiently large (4 < 4 ft) 
to be regarded as an infinitely extended plane. 


‘In the heat-transfer tests a guard heater was employed. This 
was not simulated in the mass-transfer tests, for it was believed that 
the downstream behavior of the boundary layer exerts negligible influ- 
ence on its upstream portions. 
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DESCRIPTIONS AND RANGEs OF FIVE SERIES OF SuB- 
LIMATION TESTS 


TABLE 1 


——Range of—— 
i Temp, 
deg 
Description F 
..5-in. jet; 4-in. naphthalene 
disks in baffle plate 
10-in. jet; 4-in. naphthalene 
disks in baffle plate 
10-in. jet; 4-in. naphthalene 
disks with free edges... . . 
5-ft tunnel, 2.25 and 4-in. 
naphthalene disks with 
free edges 
5-ft tunnel, 2.25 and 4-in. 
paradichlorobenzene disks 
with free edges 


31-135 68-89 


24-114 62-88 


27-111 64-74 


22-293 74-88 
29-220 73-84 


ROUND NOZZLE — 


Fic. 2 ExPperimeNTAL CONFIGURATION OF SERIES C 


TUNNEL WALL 


WINDSHIELD 


BINGE 


Fic. 3. CONFIGURATION OF SERIES D anp E 


™ The basic configuration of Series C is shown schematically in 
Fig. 2, and of Series D and E, in Fig. 3. 

Preliminary tests performed on the 10-in. jet showed that the 
velocity varied about +1 per cent from a uniform value across the 


6-in-diam internal core. The average ratios of the mean velocity 
to the center-line velocity for the configurations employed in Ser- 
ies A, B, and C were 0.963, 0.974, and 0.938, respectively, with 
deviations of +1 per cent. 

The values of U and D;, depicted in Figs. 1 and 2 as uniform 
approach velocities, were in each instance taken to be the integral 


= 
| 
Series 
B... 
D... 
E.... 
| 2ISK — : 
-12 in. |2 in. 
0-54 
STING 
i 
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mean value of the velocity distribution over the cross-sectional 
area of the nozzle. 

Whereas blockage correction on the velocities measured in the 
wind-tunnel tests were in the order of 0.1 per cent, which was neg- 
ligibly small, the blockage correction on the air speeds of Series C 
was —5.4 per cent, which could not be neglected. These values 
were calculated after Goethert (4). Thus, all results of Series C, 
D, and E were referred to free-stream conditions. 


PREPARATION OF THE Disks 


Since the melting points of both naphthalene and _ paradi- 
chlorobenzene are considerably less than the normal boiling point 
of water, they were conveniently melted in a double boiler. The 
substances were poured as soon as their temperatures reached 200 
F, and the residue of each melt was discarded . 

The disks were cast in steel rings lying on glass plates. The 
surfaces in contact with the glass base, that is, the test surfaces, 
often presented a polished appearance, which wore away during 
the early stages of exposure to the air streams. 

Suitable fixtures in the molds located a mounting nut at the 
rear and center of each disk. The nut became an integral part of 
the specimen and later provided a means of screwing the disk on 
the mounting stings in Series C, D, and E. 

After the pouring operations were completed, the castings were 
allowed to solidify and cool to room temperature over night. 

In order to assure that only the forward face of each disk would 
be exposed to the air, the rear face was covered with paraffin and 
the edge with masking tape. 


I-XPERIMENTAL PROCEDURES 


To determine the mass transferred by sublimation, each disk 
was weighed in a pulp balance once before and once after exposure 
to the airstream. The average loss of weight was in the order of 
500 milligrams, and this value was measured with a maximum er- 
ror of about +2 per cent. The total exposure time was varied 
from about 5 to 180 min, depending upon the subliming sub- 
stance, air speed, and temperature. The average depth of ma- 
terial lost from the test surfaces was in the order of magnitude of 
0.003 in. 

During each exposure, the air temperature was measured as a 
function of time. Bare, calibrated thermocouples were used in 
the main streams. The temporal mean temperature was used 
to reduce the data. 

On account of transient losses, occurring between the times of 
weighing and mounting and of dismounting and reweighing, the 
jet and wind-tunnel tests were performed in the different ways 
described in the following. 

Procedure Using the Jets. A few trials showed that the disks 
could be moved from the weighing balance to the mounting sting 
and back again without significant loss of mass. While a disk 
was being mounted or dismounted, the jet was deflected away 
from the disk to protect it from losses by forced convection. The 
transient time required for the air system to reach equilibrium 
was short compared with the duration of the exposure. 

Procedure at the Wind Tunnel. The disks of Series D and E 
had to be mounted before the air stream was accelerated from rest 
and dismounted after the air came nearly to rest. During these 
transient periods, the disks were protected by means of a cupped 
windshield, Fig. 3. After the air was brought to test speed, the 
run was begun by swinging the windshield out of the way. The 
run was ended at the instant the windshield was returned to its 
protective position. Then the air stream was given time to de- 
celerate, and the disk was removed from the tunnel for weighing. 

To account for losses during the transient periods, even with 
the windshield, auxiliary end runs were performed. Thus the 
specimen was weighed and mounted on the sting, the air was ac- 
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celerated to test speed, and the windshield was swung out of the 
way. Then the windshield was returned to cover the disk, the 
tunnel power was immediately cut, and the disk was dismounted 
and reweighed. The time required for this series of events was 
measured in both the main and the auxiliary tests, and the mass 
lost during the transients of the main test was proportioned ac- 
cording to the time ratio. The maximum reduction resulting 
from these corrections for the end effects was 20 per cent of the 
corresponding raw value, and the average reduction was about 8 
per cent. 


SORRELATION OF THE Data 


A mean coefficient of mass transfer b is defined by the equation 
m = bA(p,. — Prv..)----- 


The partial pressure of the vapor is very small compared to the 
total atmospheric pressure, and so it is assumed that the vapor be- 
haves like a perfect gas. Further, it is assumed that the vapor at 
the surface is saturated at the wall temperature 7,,. Hence 


Pow = [2] 
where p,,,, and 7’, are dependent properties, attributable to the 
vapor-solid equilibrium. 
For both naphthalene and paradichlorobenzene 
B, 

1010 Pow = Bi — . [3] 
Values of the constants R,, Bi, B2,, and other properties are pre- 
sented in Table 2; their sources are discussed in the next section. 


TABLE 2 PROPERTIES OF SUBLIMING SUBSTANCES 


Para- 
dichloro- 
benzene 


Naphtha- 


Chemical formula 
Melting point, deg F............ 
M = molecular weight........ 
R = gas const 
(ft lb/IbyF) 
(for [p».w] = lb/sq ft) 
2f and [7.~] = deg R) 


127.4 
147.01 


latent heat of sublimation, 
Iby).. 


K, defined by Eq. [16], deg F 
Density of solid, (Iby/ft®)......... 


At great distances from the disk the vapor concentration is nil, 
and so 
. [4] 
It follows from Equations [1, 2, 4] that 
m 
Po.w A 


b [5] 


Generalization of Results. In attempting to construct an ex- 
perimental analog between heat and mass transfer by forced con- 
vection on surfaces immersed in air, two principal deviations from 
the theoretical analog are encountered: (a) Mass transfer usu- 
ally occurs only with considerable amounts of heat transfer, 
whereas heat transfer by convection may occur without mass 
transfer; (6) in a simplified correlation of heat-transfer data, an 


= 
= 
CioHs 
176 
12.05 10.50 
11.518 
6713 546 
( 240 185 
Ne = 2.5 2.44 
1.84 1.81 
1860 1700 
71.4 90.9 
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arbitrary temperature datum usually is introduced for the evalua- 
tion of the fluid properties, whereas in the transfer of vapors in 
vapor-air mixtures of low concentrations our knowledge so far ad- 
mits no practical counterpart. 

In the present work the results of Series A and B are viewed as 
acalibration. They have been brought into good agreement with 
identical heat-transfer tests, (a) by uncoupling the simultaneous 
mechanisms, and (6) by introducing a reasonable assumption 
about the temperature datum for the evaluation of the transport 
properties in the heat-transfer tests. The calibration has been 
carried out using Colburn’s formulation of the analogy. 

Colburn’s j-factor for mass transfer is 

j= 


With regard to heat transfer 


[7] 
Ge, 
No subscript is employed to distinguish the two j-factors; the 
context indicates which one is intended. According to Colburn’s 
formulation, the j-factors of identical configurations should be 
equal under corresponding flow conditions. 
In the stagnation region, where a laminar boundary layer is ex- 
pected, the relationship between the j-factor and the Reynolds 
number of the flow is of the form 


jVNre = 


The characteristic dimension in the Reynolds number depends 
upon the configuration. For the experiments with the baffle 
plate, it will be seen that D is the jet diameter, and for the disks 
with free edges, the disk diameter. 

During sublimation, heat transfer occurs because the surface 
temperature is depressed. If, as will be assumed, the heat of sub- 
limation comes only from the air, then to a good approximation 


( vn)" 

Palp Nse 
where p, is the air density, and b and A are simultaneous coef- 
ficients. Thus it is supposed that the analog is applicable to the 
superposed fields. 

Evaluation of Wall Temperature. The wall temperature 7, is 
taken to be the calculated “‘wet-bulb”’ temperature of the main- 
stream air with respect to the subliming vapor. Thus the usual 
assumption is made that radiation and conduction are very small 
compared with the rates of heat transfer by convection. 

The surface of a disk receives thermal energy by convection and 
aerodynamic heating, and it loses thermal energy by sublimation. 
Hence, at steady-state conditions 


hA(T, — mA........... 


. (8) 


[10] 


where 7, is the recovery temperature. 

Since air temperatures were measured by means of thermo- 
couples immersed in the main streams, the assumption is made 
that they reached the recovery teraperature 7, which, according 
to Equation [10], is the temperature the disks would have reached 
by virtue of aerodynamic heating if there were no cooling by 
sublimation. While the thermocouples may not have responded 
in exactly the same way as each point on the surface of an adia- 
batic disk, the error introduced by this assumption is small for 
the reasons that the difference between the recovery factor of 
these configurations is not great and that the test speeds were 
rather low. 

The latent heat of sublimation \ was evaluated by means of the 
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Clapeyron-Clausius equation in the form 


d 
aT, (18 Ps») 


Substituting from Equation [3] 


(12) 


R, 
= (log, 10) 


After elimination of 6, h, and m/A from Equations [5, 9, 10} 


N r 


Further, since the temperature difference is very small compared 
with the absolute temperatures, since the air speeds are low, and 
since the vapor concentrations are very small, the density p, may 
be approximated by the relations 


p, 
Consequently, Equation [13] takes the form 


Po. 


Po 


Ner \* 


cy 


where [16] 


Accordingly, the derived temperature depression, from the 
viewpoint of the measurements, is independent of the velocity. 
It depends upon the vapor, the total pressure, and the tempera- 
ture level through its influence on the vapor pressure. 

Equations [3] and [15] were solved simultaneously for 7’, and 
Pe.. in each run, and these values were then employed in Equa- 
tion [5] to calculate 6, the mean coefficient of mass transfer. 
Finally, the j-factor defined by Equation [6] was calculated and 
plotted against the corresponding Reynolds number, as shown in 
Figs. 4 and 5. 

For the naphthalene tests, the calculated temperature depres- 
sions (7, — 7',) ranged from 0.1 deg at 62 F to 0.4 deg at 89 F; 
the corresponding decrements of the vapor pressure ranged from 
practically 0.0 to 2.3 per cent of the values at temperature T,. 
In the case of the paradichlorobenzene, the temperature depres- 
sions ranged from 1.8 deg at 73 F to 2.9 deg at 84 F, and the cor- 
responding decrements of the vapor pressure ranged from 7.7 to 
11.5 per cent. 


Sources oF Vapor PROPERTIES 


The vapor properties employed in correlating the results are 
summarized by Equations [3] and [12] in conjunction with Table 
2. 

Vapor Pressure of Naphthalene. The vapor pressure of naph- 
thalene is based on the experiments of Thomas (11), who em- 
ployed the saturation method. His results are reportedly valid 
in the range of temperature from 32 to 176 F. 

The most recent determinations of the vapor pressure of naph- 
thalene were performed by Jakob, et al. (6), who used the effusion 
method. A range of temperature from 59 to 104 F was covered. 
At lower temperatures the values of the vapor pressure were in 
excellent agreement with those of Thomas; but they systemati- 
cally exceeded Thomas’ results with increasing temperature, until 
at the highest temperatures, they were 25 per cent greater than 
those of Thomas. The reasoa for the systematic deviation was 
that the diameter of the effusion orifice was not sufficiently small. 

Jakob, et al., employed the same type of material as was used 
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in the present sublimation tests; namely, reagent-grade naphtha- 
lene. The samples were both granular (as delivered) and cast. 
Repeated runs on individua) samples indicated that impurities of 
greater volatility than the naphthalene existed, but the amount 
in the cast samples was of almost negligible order compared to 
the amounts in the granular samples. It was concluded that the 
heating and melting of the test substance to produce a cast sample 
drives off almost all the volatile impurities. 

Vapor Pressure of Paradichlorobenzene. The vapor pressure 
of paradichlorobenzene is based on saturation experiments by 
Bedingfield and Drew (1), who covered the temperature range 
from about 85 to 115 F. This range is just above the tempera- 
tures of Series E, and so the authors’ results had to be extrapolated 
down to 73 F by means of Equation [3]. 

Diffusion Coefficient and Schmidt Number of Naphthalene Vapor 
in Air. The only reliable experimentation on the diffusivity of 
naphthalene vapor in air appears to be a single determination by 
Mack (7), who employed Stefan’s steady-state method. At 77 F 
and 1 atm pressure he found D = 0.237 sqft/hr. Some prelimi- 
nary experimental results by Kezios (6), who attempted the same 
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method, are in fair agreement with Mack’s value. The semi- 
empirical correlation of Gilliland (3) yields D = 0.249 sq ft/hr at 
the same temperature and pressure. 

The kinematic viscosity of air at 77 F and 1 atm pressure is 
0.602 sq ft/hr. The following tabulation shows values of the 
Schmidt number based on this value of v and the values of D men- 
tioned in the foregoing: 

Nee 
2.54 
2.42 
2.11 


Source 


Mack’s quoted experimental result ........ 
Gilliland (semi-empirical) 
Mack’s result using Thomas’ vapor pressure 


In order to correlate the data of the present investigation the 
value of Nse has been taken arbitrarily to be 2.5. This value was 
employed, also, by Froessling (2) and by Winding and Cheney 
(12). The discrepancy between the first and third values in the 
tabulation have not been resolved and must await further investi- 
gation. 

Diffusion Coefficient and Schmidt Number of Paradichloroben- 
zene Vapor in Air. The only experimental determination of the 

diffusivity of paradichlorobenzene vapor in air is given in 
reference (6); at 77 F and 1 atm, D = 0.160 sq ft/hr + 25 


. 
OC 


an 


Fic. 4 Resvtts or Serres A anp B anp or Simi_tar Heat-TRANSFER 


EXPERIMENTS From REFERENCE (6) 


percent. If the vapor-presure correlation of Bedingfield and 
Drew had been used instead of the values determined by the 
effusion tests, the mean value would have been about 0.267 sq 
ft/hr. The value of the diffusivity predicted by means of 
Gilliland’s correlation is 0.256 sq ft/hr. The agreement be- 
tween the last two quantities is remarkably good. 

Based on Gilliland’s value for D, the Schmidt number of 
paradichlorobenzene would be 2.36, which is smaller than the 
corresponding value for naphthalene by about 2.5 per cent. 
Since the Schmidt number of naphthalene was fixed at 2.5 for 
the purpose of correlating the results of the present investiga- 
tion, the Schmidt number of paradichlorobenzene vapor in 
air was taken in the same ratio to 2.5 as predicted by 
Gilliland. 


CoMPARISON OF REsULTs ON Mass AND Heat TRANSFER 
From Disks BAFFLE PLATE 


Results of the mass-transfer tests in Series A and B are 


Fic. 5 Resuuts or Serres C, D, anp E on Mass TRANSFER From Disks 
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TaBLeE Summary or Mass-TrANsFER RESULTS OF SERIES A AND B AND OF SIMILAR 
Heat-TRANSFER TEsTs 


No. of D, 
tests (in. ) 
11 4 

5 4 1 


D; 
(in.) 


Series? 


10 
10 


Max Standard 
X 100 deviation 
of C 


0.0341 
0.0356 


0.0060 
0.0031 
0.0046 
0.0120 
0.0893 


he original reports (6) on this work, Series 1 through 5 were designated as Series 


, A, and FP, respectively. 


TaBLe 4 Summary or Resutts or Series C, D, E 


No. of D, D; 
Series* tests (in. ) (in. ) 
6 4 10 
Baie 10 2.25;4 60 
8 2.25;4 60 


Standard 

xX 100 deviation 
of C 

0.0202 

0.0290 

0.0346 


c Max |C — C| 


1.057 
1.078 
1.114 


* The disks in Series C and D were made of naphthalene and in Series E, of paradichloro- 


benzene. 


summarized in Table 3 and Fig. 4. Also, in Table 3 are the re- 
sults of the similar heat-transfer tests due to Jakob and Kezios (5); 
these are designated as Series 1 through 5. The individual test 
points of Series 5, whose configuration is identical to that of Series 
B, are shown in Fig. 4, also. 

The value of the constant C in Equation [8] was calculated for 
each test point.’ The arithmetic-mean value designated by C, is 
shown in Table 3. The maximum deviations from the mean oc- 
curred in the mass-transfer tests. 

Jakob and Kezios evaluated the air properties at the main 
stream temperatures and placed Npr = 0.72. The present corre 
lations are. based on the evaluation of the transport properties at 
the mean film temperature 


. (17) 


Only the density is evaluated at the main-stream temperature. 
For the air speeds employed in the heat-transfer tests ¢, ~ ¢,. 

From the heat-transfer tests with the 8-in-diam disks (Series 
1, 2, 3, and 4) it is apparent that the characteristic length is in- 
deed the jet diameter. The weighted mean value of C for these 
four series is 0.766. Accordingly, Equation [8] is represented by 
the dashed line in Fig. 4. If the experimental points had been 
included they would have virtually obliterated the line. 

Series A and B also correlate with the jet diameter as charac- 
teristic dimension. In view of the overlapping of points between 
the two series on account of scattering in the data, no great signifi- 
cance can be attached to the difference of 3.7 per cent between 
the values of C. The weighted mean value of C for the two 
series on the 4-in-diam naphthalene disks is 0.846, which is in strik- 
ingly good agreement with the value 0.844 for the 4-in-diam plate 
used in the heat-transfer tests of Series 5. The solid line in Fig. 4 
represents Equation [8] with C = 0.845. 

These correlations on the 4 and 8-in. plates have been tenta- 
tively combined into one equation after Froessling (2), to predict 
local and mean coefficients on plates up to 8 in. diam facing the 


5 One test point has been omitted from Series 1, two have been 
omitted from Series 2, and two from Series 3, because they exhibited 
very large deviations from the general trend of the points, which on 
the whole exhibited excellent reproducibility. The main reason for 
the deviations was ascribed by the authors to the fact that these 
points were obtained at very low air speeds where free convection 
may have had a significant influence. 


jets 5 to 10 in. diam from a distance of 12 in. The result is that 


forr S 4 in. 


J V(Nre, ;) = 0.873 (1 — 0.00752r?) . [18] 


Instead of employing the Colburn analogy, we might have used 
the theory of Sibulkin (10) according to which the values of the j- 
factor for the sublimation of naphthalene should be 4.7 per cent 
higher than those for heat transfer. However, more exact know]l- 
edge of the properties of the vapors, greater accuracy in the ex- 
perimental techniques, and additional heat-transfer data ob- 
tained with smaller temperature differences would be required in 
order to check that difference. 


Resvutts ON Mass TRANSFER From Disks WitH Free EpGes 


Results of the mass-transfer tests in Series C, D, and E are 
summarized in Table 4 and Fig. 5. 

With regard to the tests on the naphthalene disks (Series C and 
D), the results from the open jet appear to lie, on the average, 
about 2 per cent below those from the closed throat. This dif- 
ference falls within the experimental accuracy, of the tests. 
Therefore it appears that, with proper blockage corrections, tests 
performed in the open jet can provide heat and mass-transfer data 
as reliable as those obtained in a wind tunnel using a closed 
throat. 

The 3 per cent difference between tests on the naphthalene and 
paradichlorobenzene disks (Series D and E) is remarkably small 
considering that the correlations are based on extrapolated values 
of the vapor pressure of paradichlorobenzene. 

Employing Colburn’s formulation of the analog, using C = 
1.08 from Series D as the most reliable value for a disk in an air 
stream, and evaluating the fluid-transport properties at the mean 
film temperature, we can predict mean coefficients of heat trans- 
fer at the forward face of a disk in a free stream from the relation- 
ship 


h , 1.08 
— = —— 


Ge, 
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Comparison With Evaporation TEsts 
The evaporation of water from disks to air streams flowing 
normal! to their surfaces was measured by Powell (8). He em- 
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ployed water-saturated cloths and papers on the front of metal 
plates in a wind tunnel. The working section of his tunnel was 
square, 54 cm on a side. The maximum air speed was about 13 
fps. The disk diameters were 2.12, 4.33, 6.14, and 8.70 in., and 
the Reynolds number varied from about 2000 to 58,000. 
Powell represents his results with the dimensional equation 
m _ 19-6 x 0.33 (UD, (20) 
A (Pe.w — Pv.o) 
where the units of either member of the equation are grams/cm 
see mm-mercury, and (UD,) = em?/sec. The maximum devia- 
tion of his experimental points is about 10 per cent from the mean 
correlating curve; and the deviations of most of the points is 
less than 5 per cent. 

Equation [20] may be reduced to a dimensionless form by tak- 
ng the kinematic viscosity to be 0.152 cm?/sec, assuming the 
mean absolute temperature of the experimentation to be 530 R, 
and using Nse = 0.525, which is based on experimentation due to 
Schirmer (9). The result is 


D.\' D.\ 0-0 
j (¢ = 0.625 


If a blockage correction is applied, the effect is to reduce the ex- 
ponent, 0.06, by a small amount. The remainder possibly may 
be ascribed to an early transition to turbulence before separation 
at the edges of the disks or to a systematic scale effect. 

Equation [21] is shown graphically in Fig. 6 for comparison 
with the present work. The dashed line is an extrapolation of 
the present work. In the region of overlapping Reynolds num- 
bers the correlations deviate about 10 per cent, and in general the 
correlation achieved in the present investigation represents the 
results of both investigations with a maximum deviation of 
about +10 per cent over a range of Reynolds numbers from 2000 
to 600,000. 

According to Sibulkin’s (10) theory, the values of the j-factor 
for the sublimation of naphthalene should be 7.5 per cent higher 
than those for the evaporation of water. The present compari- 
son of the results indicates that this difference does not exist. 
It may be worth while to check this matter by performing both 
sublimation and evaporation experiments in the same air streams, 
or in streams of equal turbulence intensity. 


{21) 


CONCLUSIONS 


The correlations of the sublimation of naphthalene from the 


stagnation region of a circular plate and of the heat transfer in 
the congrugent configuration with identical circular air jets in 
axisymmetrical flow were found to coincide within the reproduci- 
bility of the experimentation (+7.5 per cent at the most). The 
Colburn analogy was employed, and the transport properties 
were introduced at the mean film temperature. Thus the experi- 
mental method to obtain laminar heat-transfer data was cali- 
brated. 

The calibrated method was then employed to determine mean 
coefficients of heat transfer on disks with free edges. The results 
were represented by Equation [19] with a probable error of +3 per 
cent. By comparison with evaporation data from the literature, 
Equation [19] may be used in the range of Reynolds numbers from 
2000 to 600,000 with an uncertainty of about +10 per cent. 

Comparison of tests on sublimation from disks in an open jet 
and in the closed throat of a wind tunnel indicates that the open 
jet can yield useful transfer data provided that blockage cor- 
rections to free-stream conditions are accounted for. However, 
in view of the present knowledge regarding the influence of turbu- 
lence on heat transfer at a stagnation region this result may be 
fortuitous; a definitive statement would be possible only if the 
influence of the turbulence in the different streams would be ex- 
amined. 

The pressure distribution on a disk with free edges is needed so 
that a specific result of Sibulkin’s theory can be compared with 
Equation [19] on an absolute basis. Local measurements of 
mass-transfer rates would provide additional checks. 

Finally, it is suggested that the analog using naphthalene 
could be employed fruitfully to measure the laminar heat-transfer 
coefficients of many aerodynamic configurations in which models 
would be prohibitively difficult to instrument for direct experi- 
mentation. 
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Discussion 


8. P. Keztos.6 The author, in his treatment of the analogy be- 
tween heat and mass transfer, has drawn on the results of heat- 
transfer experiments carried out by the writer; namely, those re- 
sults obtained for heat transfer in the vicinity of the stagnation 
point of a cylindrical jet impinging normally to a plane plate, large 
in extent compared to the diameter of the jet itself. It is mainly 
in connection with this configuration that the writer would com- 
ment on the paper. 

It may be mentioned that Jakob and Kezios’ reported some 
early experimental work on the flow of cylindrical jets against 
large plane surfaces. In this work, carried out using orifice 
plates to produce the jets, it was found that the mean value of the 
heat-transfer coefficient at the surface of a circular plate, located 
in the center of the plane surface and axisymmetrically with re- 
spect to tue orifice, varied as the 0.57 power of the main jet veloc- 
ity. This exponent was in close agreement witb the 0.56 power 
of velocity found by Powell for evaporation of water from circular 
disks oriented perpendicular to an air stream (see author’s Equa- 
tion [20]). At the time Jakob,’ in the 30th Guthrie Lecture, pre- 
sented a summary of our early work in which he considered the 
agreement in exponents as confirmation of Powell’s experiments as 
well as ours. Subsequent to this early investigation, further 
studies were carried out using nozzles instead of orifices as a jet 
source, with the idea of utilizing a more simply defined main 
stream flow. Results of experiments made with a cylindrical jet, 
initially with close to rodlike flow, show a variation of Nusselt 
number as the 0.5 power of the Reynolds number (j-factor for heat 
transfer varying inversely as the square root of the Reynolds 
number), as can be obtained theoretically for laminar boundary 
layer over the plate surface. (It is from the results for this con- 
figuration, in particular those for D,/D; = 0.4, that the compari- 
son of heat transfer with mass transfer by sublimation of naphtha- 
lene was made.) In view of this, it seems that the nearly identi- 
cal exponents found in the early heat-transfer experiments, done 
with orifices and baffle plate, and in the experiments of Powell for 
evaporation from disks in free-stream flow were coincidental; it 
may be, as the author suggests, that early transition to turbulence 
set in over the heat-transfer surface as, perhaps, was the case in 
the evaporation experiments. 

Referring to the configuration presented in Fig. 1, in which the 
baffle plate, for all practical purposes, may be considered as an in- 
finite plane when compared to the size of the jet,® the author 
states that at a nozzle-to-plate distance of 12 in. or more the in- 
fluence of the baffle plate on the flow at the exit of the nozzle was 
found to be negligible. Of course, this minimum distance, found 
experimentally by careful probing of the jet near the outlet plane 
of the nozzle for different plane-to-nozzle distances, is strictly ap- 
plicable to the 10-in-diam jet. For this configuration, it is clear 
that the radius (or diameter) of the jet characterizes the flow field, 
and therefore, a smaller jet would require a proportionately 
smaller nozzle-to-plate distance, a larger jet a larger distance. 
That the 12-in. nozzle-to-plane distance is the theoretical as well 
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of Technology, Chicago, Ill. Mem. ASME. 
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as practical minimum has been verified by the potential-flow solu- 
tion for this configuration rendered by LeClerc.” 

LeClerc solved the potential-flow problem by first using an elec- 
trical analog technique to find the contour of the free surface"! 
and then, with this boundary known, he determined the interior 
flow pattern using the relaxation method. The theoretical re- 
sults show that the flow field of the arriving jet is virtually undis- 
turbed by the presence of the plane beyond a distance of 2.4 jet 
radii from the surface of the plane, which is exactly the distance 
found by probing the real jet. 

A more detailed comparison of the real and ideal jets for this 
configuration is considered by the writer.’* In that paper all 
heat-transfer results are reported. The heat-transfer results 
used by the author in considering the analogy are those for D,/D, 
= 0.4, the smallest ratio of plate-to-jet size employed in the heat- 
transfer studies (ratios up to 1.6 were used). It may be men- 
tioned here that these results fell somewhat higher than would be 
expected by extrapolation of the results obtained for larger ratios 
or from theoretical calculations using, for instance, Sibulkin’s 
theory. This higher value is probably the result of instability at 
the stagnation point of the real flow, which manifests itself to a 
greater degree when D,/D,; is comparatively small. Whatever 
the reason for the higher value at D,/D,; = 0.4 the results for both 
heat and mass transfer are consistent within themselves and, since 
the same stream and configuration were employed in the two dif- 
ferent transport processes, a sound basis for comparison exists. 

A key point mentioned by the author deals with the effect of 
main stream turbulence on boundary-layer characteristics (in- 
cluding transition) and, therefore, on experimental results ob- 
tained from heat and mass-transfer tests, as well as on tests which 
relate to skin-friction measurements. This effect should not be 
underestimated. In fact, sufficient evidence exists (from skin- 
friction and drag experiments reported in the literature) to es- 
tablish that this factor may be decisive in obtaining reproducible 
results using different air streams to measure the same quantity 
with a given test apparatus. Information dealing with the influ- 
ence of main stream turbulence on heat transfer is soon to become 
available; in particular, the results of such studies made by Profs. 
J. Kestin and P. F. Maeder of Brown University (mentioned in 
the paper) are expected to appear soon as an NACA report. In 
view of the influence on the nature and intensity of turbulence in 
the main stream, comparisons of heat and mass-transfer results 
obtained using identical air streams and geometry such as was 
done in the work reported by the author, take on increased impor- 
tance. The matter of turbulence in the main stream is thus rele- 
gated to a minor or negligible role, and one looks to the transport 
processes themselves for possible reasons to explain differences, as- 
suming, of course, that any differences encountered are greater 
than the probable error encountered in the experiments. 


AuTHor’s CLOSURE 


The author thanks Professor Kezios for his informative com- 
ments. 
Professor Kezios observes the lack of geometric similarity 


1 “Deviation d'un jet liquide par un plaque normale a son axe— 
Determination de la surface libre par analogie electrique,’’ by A. 
LeClerc, La Houille Blanche, November-December, 1950, pp. 816- 
821. 

11 It should be noted that in the flow of a real jet, particularly when 
the viscosity of the environment fluid is the same order of magnitude 
as that of the jet fluid, interaction between the jet and the environ- 
ment takes place (entrainment) and the jet cannot be considered 
to have a “free” surface. 

12 ‘Heat Transfer in the Flow of a Cylindrical Jet Normal to ap 
Infinite Plane,”’ by S. P. Kezios, in preparation. 
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introduced by the variation of the ratio of the nozzle-to-baffle 
distance to the nozzle radius. Pointing out that it was never less 
than the theoretical minimum of 2.4 in all the work described so 
far (see Table 3), he correctly places a lower limit on the correla- 
tions. The ratio appears nowhere in their formulations and its 
effects remain to be found for values less than 2.4. 

It has been suggested that the high exponents found in Powell’s 
tests and in the early heat-transfer tests may possibly be ascribed 
to boundary layer transition near the outer edges of the disks and 
plates. An alternate explanation is just the instability which 
Professor Kezios mentions. This would imply that deviations 
from expected laminar transport mechanisms occurred mainly at 
the central region rather than at the outer portions of the disks 
and plates. Thus, the deviations of the exponents from the 
theoretical value of 0.5 and the differences that he finds between 
the heat-transfer rates observed on the small (4-in-diam) plate 
and the values calculated upon the hypothesis of a steady laminar 
boundary layer at the stagnation region would be manifestations 
of a common sort of disturbance. The work at Brown University 


(mentioned in an earlier version of this paper) corroborates such 
In general the rates of heat transfer increase 


an explanation.'* 
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with mainstream turbulence intensity. Significantly, the great- 
est increments per unit change of turbulence intensity occur at 
the stagnation region. 

Regarding Professor Kezios’ final comments, the author re- 
marks that the results shown in Fig. 4 should be regarded less as a 
comparison of heat and mass transfer and more as a calibration of 
the technique. The theory shows that the method yields 
approximations which reach analogic equivalence only for very 
small temperature and concentration differences. (In this con- 
nection, if the discusser is interested in additional comparisons, 
he might consider running his calorimeters at subatmospheric 
pressure.) The purpose of the calibration has been to improve 
the approximations obtained during practical test conditions by 
providing a scheme of transliteration which would yield data as 
useful as those obtained by direct experimentation. This has 
been accomplished for laminar transfer in cases where naphtha- 
lene is a suitable working substance. 


18 The report mentioned by Professor Kezios deals with mean co- 
efficients of heat transfer from cylinders in cross flow. The work has 
been extended to the measurement of local coefficients on both 
cylinders and flat plates. 
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Heat Transfer From a Rotating Cylinder 
With and Without Crossflow 


By W. M. KAYS! ano I. S. BJORKLUND,? STANFORD, CALIF. 


In this paper the problem of convection heat transfer 
from a rotating cylinder is extended to the case of a cross, 
or normal flow to the cylinder. Experimental heat-trans- 
fer data are presented for a cylinder rotating with and 
without crossflow. The data for the cylinder rotating 
with no crossflow are in substantial agreement with the 
results of previous work, and also with the results of a 
heat-and-momentum-transfer-analogy solution for con- 
vection with no crossflow. Measured temperature pro- 
files in the boundary layer of the heated rotating cylinder 
are in very good agreement with the analogy solution, and 
indicate that the boundary layer on a rotating cylinder is 
quite similar to a turbulent boundary layer on a stationary 
surface out to about y+ = 20. Thereafter a secondary 
flow becomes the controlling mechanism. The experi- 
ments with combined rotation and crossflow indicate two 
flow regimes; the first for the cylinder peripheral velocity 
less than twice the crossflow velocity, in which the cross- 
flow provides the controlling effects; the second for the 
cylinder peripheral velocity greater than twice the cross- 
flow velocity, in which there is a continuous boundary layer 
around the cylinder and the rotational velocity provides 
the controlling effects on heat transfer. It is shown that 
the combined effects of rotation, free convection, and 
crossflow can be correlated by the equation 


Nw, = 0.135 [(0.5NRr? + + 


for the rotating Reynolds number in the range 2000 to 
45,000. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = heat-transfer area, sq ft 
cylinder surface drag coefficient, dimensionless 
specific heat at constant pressure, Btu/(lb deg F) 
cylinder diameter, ft 
gravitational constant, ft/sec? 
= proportionality factor in Newton’s second law, 32.2 (lb 
mass) /(# force) X ft/sec? 
= unit convection conductance, Btu/(hr sq ft deg F) 
unit thermal conductivity, Btu/(hr sq ft deg F/ft) 
heat-flux parameter, (¢/A),/(pc,), ft deg F/hr 
heat-transfer rate, Btu/hr 
cylinder radius, ft 
V/ (9.7./p), “shear velocity,’’ fps 
= temperature, deg F 
Stanford Uni- 
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velocity, fps, relative to cylinder peripheral velocity, V, 
cross, or normal flow velocity, fps 
cylinder surface peripheral velocity, fps 
distance from cylinder surface, ft 
thermal diffusivity, k/pc,, sq ft/hr 
coefficient of thermal expansion, equal to 1/7, 1/deg R, 
for a perfect gas 
= eddy diffusivity for momentum, sq ft/hr 
eddy diffusivity for heat, sq ft/hr 
kinematic viscosity, u/p, sq ft/hr 
fluid density, pef 
fluid shear stress, #/sq ft 
fluid viscosity, lb/(hr ft) 
nondimensional velocity in boundary layer, V/S 
nondimensional distance from surface, yS/v 
Nusselt number, hD/k 
Stanton number, h/(V,pc,) 
rotating Reynolds number, DV ,p/u 
cross, or normal-flow Reynolds number, DV ,p/u 
Prandtl number, uc,/k = v/a 
= Grashof number, Bg AtD*%p?/u? 


Subscript 


o = conditions at cylinder surface 


Nore: All fluid properties in the experimental correlations 
have been evaluated at a temperature halfway between the sur- 
face temperature and the free-stream temperature. 


INTRODUCTION AND OBJECTIVES 


Analysis of the thermal behavior of machinery involves heat 
conduction through the solid parts, radiation between adjacent 
machine elements, and heat transfer by convection between the 
solid parts and contacting fluids. Where fluids flow over or 
through the stationary elements, the convection conductance can 
be estimated by reference to the great body of data on free and 
forced convection between stationary bodies and moving fluids 
(or vice versa). However, any machinery with rotating elements 
inevitably presents a type of convection problem quite different 
from convection in ducts or over external stationary surfaces. 
Such a problem frequently arises in connection with consideration 
of the thermal behavior of shafting, flywheels, turbine rotors, and 
similar machine parts. 

A number of geometrical configurations are of interest. The 
two major classes of problems are those associated with rotating 
cylinders and those associated with rotating disks. Heat trans- 
fer from a long rotating cylinder is perhaps geometrically the 
simplest of all the possible configurations, and it is thus the con- 
figuration which has formed the starting point for most of the 
work in this field. The most elementary of the rotating-cylinder 
problems is the rotating cylinder in an infinite still environment. 
Regardless of the heat-transfer mechanism in the region very 
close to the rotating surface, heat is ultimately transferred away 
from the cylinder by free convection. Thus this problem can be 
termed the problem of free convection from a rotating cylinder. 

The first published work on this subject was that of Luke (1),* 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 


V, 
y 
’ 
8 
v 
p 
T 
uv 
y > 
Nwu 
Nst 
Nr, 
| 
No r 
| 70 


JANUARY, 1958 


CHROMALOK CARTRIDGE HEATING ELEMENT 
MODEL C-816,GRASS CASING, SOLDERED IN PLACE 


SLIP RINGS FOR HEATING 
CURRENT FROM BRUSHES 


PLASTIC 


POWE® LEAT 
CONNECTION 


PLASTIC SPACES 


STEEL STUB SHAFT 


Fic. 1 


1926. More recently Anderson and Saunders (2), Etemad (3), 
and Dropkin and Carmi (4) have published the results of extensive 
experimental work. All find a strong effect of free convection, 
i.e., of Grashof number, at iow rotational velocities, and then as 
rotational velocity is increased heat transfer depends only upon 
the rotational effects and not upon free-convection effects. All 
find that at a rotational Reynolds number below about 1000, heat 
transfer is virtually unaffected by rotation. Transition occurs at 
about this Reynolds number, followed by a region extending 
from about 1000 to about 10,000 in which both the rotational 
Reynolds number and the Grashof number are of importance. 
Finally, above about 10,000 only the rotational Reynolds number 
is of importance. 

This, then, briefly summarizes the previously published work on 
heat transfer from a rotating cylinder. 

The primary objective of the present work has been to investi- 
gate heat transfer from a rotating cylinder with flow normal to the 
cylinder. However, in order to check the adequacy of the experi- 
mental apparatus it was desirable to obtain data with the cylinder 
in free convection, and thus the paper covers the problem of the 
rotating cylinder with both free convection and normal or cross 
flow. Test results are also presented for the cylinder in free con- 
vection and with crossflow, but not rotating. These tests were 
performed merely as a further check on the test cylinder. 


DescripTION oF Test APPARATUS 


The basic element of the apparatus used in determining the heat 
transfer from a rotating cylinder is shown in Fig. 1. The active 
test section is a copper cylinder, 2.26 in. diam and 18'/, in. long, 
heated by a cartridge, electric-heating element soldered into a 
concentric axial hole. The remainder of the rotating cylinder 
consists of plastic spacers and steel stub shafts supported by 
double sets of ball bearings to minimize bending moment at the 
joints. The mounting of the test cylinder is pictured in Fig. 2 
and the arrangement of the equipment in the cross-flow stream is 
shown schematically in Fig. 3. 

In operation of the apparatus, a-c power is supplied to the 
heater circuit through brushes and slip rings from a Variac control 
connected to a 110-volt source. Input power is measured by a 
Weston high-current wattmeter, 0 to 75 and 0 to 100-watt ranges, 
with the potential terminals connected directly to the brush 
holders. In order to minimize any potential drop through the 
brush slip-ring contacts, metal brushes with graphite lubrication 
are used. 

The cylinder is rotated by a vee-belt drive from a d-c motor. 
Speed control is obtained by regulating the voltage from a 
portable ac-de motor-generator set, and the speed is measured 
directly by a Hasler chronometric tachometer inserted at the pul- 
ley end of the rotating shaft. 

The temperature of the rotating cylinder is sensed by a sta- 
tionary thermocouple which projects into a cavity in the rotating 
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copper test section, as shown in Fig. 1. This system was adopted 
in order to obviate the difficulties often encountered in bringing 
the small emf’s from rotating thermocouples through slip rings 
and brushes at high rpm, or the complications of aging and calibra- 
tion which are inherent in the use of thermistors. To minimize 
the temperature difference between the copper cylinder and the 
thermocouple junction, both the hole into which it extends and 
the junction itself are coated with carbon black to increase radia- 
tion locally, and the junction is flattened to provide some stirring 
for increased convection. In order to reduce heat conduction 
from the thermocouple junction, it is supported only by the small 
diameter (30 ga) thermocouple leads for about '/: in., after which 
support is provided by a specially constructed balsawood holder. 


71 
\ 
\ 
: 
\ be AN 214 \ THERMOCOUPLE © 
LEADS \ LEADS 
“a ; 
« 6 
\ 
a 
hie 
jer 
STRAIGHTENING 
| WANES 
| bd 
¢ 
| am OUCT 
20° x26" 
20 GA STL 
| 
FLOW 1 
| CONTROL 
bd 


72 


This holder is inserted in a steel tube which in turn is supported 
by ball bearings mounted in the rotating part of the system. It 
should be emphasized again that the entire thermocouple system 
is nonrotating, the cylinder rotating around it. 

Experiments with the cylinder stationary in a cross stream of 
air, with thermocouples attached to the outer surface of the 
cylinder, show that the internal thermocouple reads essentially 
the local surface temperature of the cylinder. If account is then 
taken of the slight variation of temperature along the length of 
the cylinder (because of longitudinal conduction in the cylinder 
due to end leakage and the rather short unheated section), the 
average surface temperature of the test section can be inferred 
with negligible error from the internal thermocouple indication. 

The thermocouple circuit is arranged so that the temperature 
difference between the copper cylinder and the ambient air can be 
measured directly, and both the air and cylinder temperatures can 
be measured relative to an ice junction. Thermocouple potentials 
are measured with a Leeds and Northrup portable precision 
potentiometer. 

The crossflow air stream is provided by a low-head centrifugal 
fan which takes suction from the nominally sealed test room. A 
rectangular duct from the ceiling of the room discharges air verti- 
cally downward a few inches above the rotating cylinder. Trim 
tabs on the inlet ends of the straightening vanes were used to 
adjust the velocity over the discharge section as close to uniform 
as possible. Air velocity is measured by a pitot-static probe 
located at the elevation of the cylinder and about 4 in. to one side. 
The dynamic pressure is measured by a shop-built micro- 
manometer which has demonstrated a repeatability of 0.0003 in. 

From an analysis of experimental uncertainty it may be con- 
cluded that the uncertainty interval in the Nusselt-number de- 
termination is about +4 per cent. The rotational Reynolds- 
number determination is within an uncertainty of about +2 per 
cent, and the crossfiow Reynolds number is within an uncertainty 
of about +6 per cent. The rather large uncertainty in the cross- 
flow Reynolds number is due to the variation of velocity across the 
discharge section, to the fact that the velocity at the cylinder had 
to be inferred from a measurement several inches away, and also 
to the fact that the velocities and pressure differences being 
measured were very small. Crossflow velocities in the range 5 to 
15 fps were used, since higher velocities completely obscure the 
effect of cylinder rotation within the range of speeds of which the 
system is capable. 


Heat-AND-MOMENTUM-T RANSFER-ANALOGY SOLUTION FOR 
CYLINDER WITHOUT CROSSFLOW 


Before presenting the experimental results of this investigation, 
a heat-and-momentum-transfer-analogy solution for heat transfer 
from the rotating cylinder will be described. A basic assumption 
is that the heat-transfer resistance is entirely in the rotat- 
ing boundary layer, and thus it is applicable only at high rotating 
velocities where free-convection effects and/or the effects of cross- 
flow are negligible. Under these conditions, however, the solution 
will be seen to be in remarkably good agreement with experiment. 
It provides a basis for extrapolation of the experimental results to 
higher rotating Reynolds numbers, and what is perhaps more im- 
portant, to fluids of Prandtl number other than that of air. 

The analogy solution is quite similar to the von Karman analogy 
as described by Eckert (5). A laminar sublayer extending to 
y* = 5 is assumed, followed by a transition or buffer region ex- 
tending from y+ = 5to y+ = 20. Fora turbulent boundary layer 
on a stationary surface it is usually assumed that the buffer 
layer extends to about y+ = 30, but temperature measurements 
in the boundary layer as described in the next section of this paper 
indicate that at about y+ = 20 a change of transfer mechanism 
occurs. The diffusivity for heat becomes suddenly very much 
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higher than in the region closer to the surface, and this is inter- 
preted to be the region in which secondary flow becomes the pre- 
dominant mechanism. In the sublayers it is further assumed that 
the shear stress and heat flux are constants, both of which as- 
sumptions are justifiable on the basis of the thinness of the sub- 
layers. It is also assumed that the velocity distribution in the 
sublayers is the same as that obtained in a turbulent boundary 
layer, and finally that the eddy diffusivity for heat in the 
buffer layer is the same as the eddy diffusivity for momentum. 

In the secondary-flow region for y+ > 20 it is assumed that the 
Reynolds analogy is applicable, thus eliminating the necessity for 
describing the velocity and temperature profiles. 

The solution will now be described in detail. 

If the sublayers are sufficiently thin, the shear stress and the 
heat flux through them can be treated as constants. Then the 
basic equations for shear stress and heat flux become 


dV 


{1} 


(€y + v) 
Ge 


dl 
(g/A), = + a) 


Equations [1] and [2] can be expressed as follows 


(4] 


The essence of the analogy is the assumption that €y = €y. 
Laminar Sublayer, 0 < y+ <5 
Assumed velocity distribution 
ut = y+ 
Then from Equation [3], €y, is equal to zero, and thus €, is also 


equal to zero in Equation [4], and Equation [4] can be integrated 
directly for the temperature drop through the laminar sublayer 


[5] 


At, = 5 
Buffer Layer, 5 < y+ < 20 
The von Karman-Nikuradse velocity profile in the buffer layer 
may be expressed as 


ut = —3.05 + 5.00 Iny*.......... [6] 


If Equation [6] is differentiated and substituted into Equation 
[3], the following expression for the eddy diffusivity for momen- 
tum €y and thus the eddy diffusivity for heat €, may be obtained 


y 
ty 


Equation [7] may then be substituted into Equation [4], and 
integration from y+ = 5 to y*+ = 20 yields the temperature drop 
in the buffer layer 


=5 +1)... 
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Secondary-Flow Region, y* > 20 

In the secondary-flow region it will be assumed that heat and 
momentum transfer by eddy diffusion is very much greater than 
transfer by molecular diffusion, thus eliminating the v and v/Nrpr 
terms in the brackets of Equations [3] and [4]. Further, it will 
be assumed that the shear stress and heat flux are the same func- 
tions of y (rather than that they are constant as in the sub- 
layers). Equations [3] and [4] are no longer applicable because 
constant shear stress and heat flux were assumed, but their quo- 
tient is applicable because of the foregoing assumption. Thus 


If y+ = 20, u* = 12.0 from Equation [6]. Thus the tempera- 
ture drop through the secondary flow region can be obtained by 
integration of Equation [9] from u*+ = 12.0 to V = V,, ut = 


V,/S 
V=Vp,u*=V>p/S 
S u 


The total temperature drop through the boundary layer is thus 
the sum of Equations [5], [8], and [10] 


At = At, + At, + At, 
At = [ + + 1) + 120]. . [11] 
The definitions of Q, S, the heat-transfer conductance h, and a 
friction coefficient Cp are now introduced into Equation [11]. 
_The result can then be expressed as a function of a Stanton num- 


ber or a Nusselt number, and a Reynolds number based on 
cylinder peripheral velocity 


g.T,/p = Cp(V,*/2) 
(q/A), = hAt 


hdt 


pe,V, Vv (Cp/2) 
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(13) 


Nru = 


Use of Equations [12] or [13] requires knowledge of the fric- 
tion coefficient Cp. Extensive friction experiments have been 
performed by Theodorsen and Regier (6), and their results can be 
represented to a good approximation by the following equations 


For NravV/(Cp) > 950 
1// (Cp) = —1.828 + 1.77 In NrvV/(Cp)...... [14] 
For Nr V(Cp) < 950 


1/+/(Cp) = —3.68 + 2.04 In NrvV/(Cp) [15] 
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Equation [13], together with Equation [14], corresponds very 
closely to the empirical equation proposed by Dropkin and Carmi 
over the Reynolds-number range 100,000 to 500,000. At lower 
Reynolds number it corresponds closely to the experimental re- 
sults to be presented in this paper after they are corrected for the 
effects of free convection and/or crossflow. 


Test Resutts ror BounpAry-LAYER-TEMPERATURE PROFILE 


On the basis of the assumptions used in the derivation of the 
heat-and-momentum-transfer analogy described in the previous 
section, it is possible to calculate the temperature profile in the 
boundary layer. The sublayers are relatively thick for a cylinder 
rotating at moderate Reynolds numbers, and it is possible with 
reasonably simple equipment to measure the temperature profile, 
and thus check the assumptions of the analysis. In order to ac- 
complish this, a temperature probe was constructed using No. 
30 gage iron-constantan thermocouple wire flattened to a ribbon 
about 0.002 in. thick after welding the junction. 

With this probe mounted in a micrometer screw-traverse 
mechanism, temperature profiles were measured for the rotating 
cylinder in still air at rotating Reynolds number of 16,900 and 
26,000. The results, plotted in dimensionless form, are shown in 
Figs. 4 and 5. Also shown in these figures are the originally pre- 
sumed limits of the laminar sublayer and the buffer layer, and the 
temperature profiles predicted by the von Karman analogy. The 
predicted temperature profiles do not extend beyond the buffer 
layer because all that has been assumed in the outer region is 
similarity of velocity and temperature profiles without specifying 
the character of the velocity profile. 

It is not possible to measure temperature nearer than 0.001 in. 
from the surface of the cylinder because of the thickness of the 
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probe, and it is apparent that the uncertainty in the temperature 
measurement is great in the region very close to the surface be- 
cause the fluid velocity and temperature differ greatly on either 
side of the probe. 

The test points follow the predicted curves very well out to 
about y* = 20. From there on out the temperature gradient 
becomes very much less, and the temperature does not closely 
approach the ambient until y/R becomes 5 or 6; i.e., far beyond 
the scale of Figs. 4 and 5. It thus appears that at about y+ = 20 
the diffusivity for heat transfer is very much greater than in the 
region close to the wall, and the obvious conclusion is that the 
secondary-flow mechanism noted in the interference photographs 
of Etemad becomes controlling. 

The conclusions to be drawn from the measured temperature 
profiles are summarized as follows: 


1 The boundary layer on a cylinder rotating at velocities 
above the critical can be conveniently broken into three regions. 
A laminar sublayer extends to about y+ = 5, a buffer or transi- 
tion layer extends from y+ = 5 to about y* = 20, and a region 
in which secondary flow is controlling extends beyond y*+ = 20. 
There is no definable outer limit to the boundary layer. Ob- 


viously for a heated cylinder the outer apparent limit depends « 


upon free-convection effects. 

2 The temperature profile in the laminar sublayer and in the 
buffer layer can be predicted satisfactorily using a heat-and- 
momentum-transfer analogy based on the von Karman-Nikuradse 
pipe-flow-velocity profiles. 

3 The Reynolds analogy appears to be a satisfactory ap- 
proximation in the secondary-flow region. 


Test RESULTS FOR THE NONROTATING CYLINDER 


In order to provide a check on the adequacy of the experimental 
apparatus a series of tests were run with the cylinder stationary 
so that the results could be checked against available data on free 
and forced convection from a horizontal cylinder. 

The free-convection test results are presented graphically in 
Fig. 6 as Nusselt number versus the product of Grashof and 
Prandtl numbers. Included for comparison are the recom- 
mended equations of McAdams (7), based on a large amount of 
data from various sources, and the data obtained by Etemad (3) 
from his cylinder when not rotating. The average deviation from 
the recommended correlation of McAdams is about +5 per cent, 
which is adequate for free-convection data. The experimental 
uncertainty expected in the stationary tests is somewhat greater 
than that expected for tests with rotation, but of probably more 
significance is the difficulty of attaining steady-state behavior 
because of the large time constant (approximately lt hr). It is 
this factor that causes the scatter of the test points in Fig. 6. 
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Fic. 7 Crossrtow Tests ror No Rotation 

The results of the forced-convection tests with crossflow on the 
stationary cylinder are plotted in the form Nusselt number versus 
the crossflow Reynolds number in Fig. 7. The recommended 
correlation of McAdams (7) for air flow normal to a circular 
cylinder, and also the envelope of the experimental data upon 
which McAdams based his correlation, have been included for 
purposes of comparison. The test data lie below the McAdams 
correlation by a maximum of about 8 per cent, but when it ig 
noted that the experimental data upon which this correlation is 
based deviate from the mean curve by as much as +20 per cent, 
the 8 per cent deviation of the present data means very little. 

It is concluded that the nonrotating test results convincingly 
demonstrate the adequacy of the test system, especially when it is 
appreciated that the temperature-measurement errors and the 
end-leakage effects are greatest when the cylinder is stationary. 


Test Resuuts With RotaTiInG 

Twenty-nine tests were run with the cylinder rotating in free 
convection, and then forty-five tests were run with a combination 
of crossflow and cylinder rotation. Cylinder rpm was varied 
from about 50 to 4500, corresponding to a rotating Reynolds- 
number variation from about 600 to 50,000. For the crossflow 
tests, three series of runs were made over the entire rotating 
Reynolds-number range with crossflow Reynolds numbers of 
approximately 5700, 10,300, and 15,600. The test results were 
reduced to a Nusselt number as a function of rotating Reynolds 
number, and either crossflow Reynolds number or Grashof num- 
ber. A summary of the complete test results is presented in Table 
1. All fluid properties have been evaluated at a temperature half- 
way between the surface and free-air temperatures, although the 
temperature difference was always in the range 30-40 F. 

The test results are presented graphically in Fig. 8 where Nus- 
selt number is plotted as a function of rotating Reynolds number 
with the crossflow Reynolds number as a parameter. Also shown 
in Fig. 8 are the results of the analogy calculations, Equation [13]. 
Equation [13] was derived on the assumption of no effect of either 
free convection or crossflow, so it is only at the highest rotating . 
Reynolds numbers that the test results would be expected to corre- — 
late well with the analysis, but it is notable that all of the test 
curves do coincide closely with Equation [13] if rotating Reynolds 
number is sufficiently high. 

Examining now the test results for crossflow, at very low rota- 
tional speeds the crossflow is controlling, and rotational speed 
has little influence. As rotational speed is increased the rotational 
effect becomes controlling, and the resulting Nusselt number 
approaches the performance for rotation with no crossflow. The 
point at which each of the curves joins closely to the curve for no 
crossflow occurs at a rotational peripheral velocity about twice 
the crossflow velocity. 
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TABLE 1 SUMMARY OF TEST RESULTS 
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On the basis of the foregoing observations and a consideration 
of the potential-flow solution for flow normal to a cylinder with 
circulation, it is not difficult to deduce the probable flow patterns 
in the different flow regimes. A particularly striking fact is the 
observation that apparently there is a fundamental change in 
flow mechanism when the cylinder peripheral velocity becomes 
equal to about twice the crossflow velocity. In the potential-flow 


75 


solution with circulation, this is precisely the point where the 
circulation becomes sufficiently strong that the two stagnation 
points meet and then become detached from the cylinder, The 
cylinder rotation evidently produces circulation of the same order 
of magnitude of strength as a potential vortex with the same 
velocity at the surface. 

The probable flow patterns in the various flow regimes are 
illustrated in Fig. 9. At very low rotational velocities it is ap- 
parent that the flow mechanisms differ little from flow normal to a 
stationary cylinder where boundary-layer separation occurs and 
produces a wake. As rpm is increased the rotating velocity op- 
poses the crossflow on one side of the cylinder and adds to it on 
the other. The forward stagnation point is displaced to one side, 
and thus the wake must be moved to one side and the separation 
area is decreased. When the ferward stagnation point finally 
moves to the 90-deg position the circulation is also sufficiently 
strong to push the wake to this point. As rpm is further increased, 
the stagnation point detaches from the surface, there is con- 
tinuous flow around the cylinder, and there is then a continuous 
boundary layer around the cylinder with no wake. The heat- 
transfer performance of the cylinder then depends only upon the 
rotational velocity and is relatively independent of the crossflow 
velocity. The transition that occurs when the stagnation point 
detaches and the wake disappears is quite analogous to the 
transition described by Etemad (3) for free convection from the 
horizontal rotating cylinder, where the wake or chimney is finally 
wrapped around the cylinder and a continuous boundary layer 
around the cylinder is obtained. 

The success attained by Etemad in correlating the combined 
effects of rotation and free convection suggests that possibly a 
similar correlation might be used for the combined effects of rota- 
tion and crossflow. Because of the rather fundamental change 
in the character of the flow at the transition, it would be surprising 
if a single correlation could be obtained that would correlate ac- 
curately all combinations of rotational speed and crossflow 
velocity. However, even a correlation that is a fair approxima- 
tion would be extremely valuable; otherwise a very large number 
of combinations of velocities would have to be tested in order to 
establish the relationship completely. 

Etemad found that he could correlate effects of combined rota- 
tion and free convection by plotting Nusselt number as a function 
of (0.5Nr? + Nor)Npr. It is here proposed, merely on the basis 
of intuition, that the additional effect of a crossflow velocity 
may be approximately correlated by adding the square of the 
crossflow Reynolds number into the bracketed group; i.e., by 
plotting Nusselt number as a function of (0.5Nr? + Nr? + 
Nar)Ner. Such a plot is shown in Fig. 10 and includes all of the 
test data for free convection as well as crossflow, both with rota- 
tion. The proposed method of correlation pulls the data together 
quite satisfactorily. 

The heat-and-momentum-transfer-analogy solution, Equation 
{13], is also plotted in Fig. 10. The crossflow Reynolds number 
and the Grashof number are of course zero for this solution, but if 
the group used for the abscissa truly compensates for these latter 
effects, all of the data points would be expected to be close to this 
solution. This is the case, and the analogy solution is a good ap- 
proximation to all of the test points over the entire test range. 

For the abscissa in Fig. 10 from 3 X 107 to 10° the data can be 
correlated within +15 per cent by the simple equation 


Nwu = 0.135[(0.5NR? + Nr? + 


For Nr,? and Nar negligible relative to Nr*, and for Npr = 0.7, 
Equation [20] reduces to 


Nwu = 0.095NR** 


= 
Run No. Ne No. x 10 
6 279 5.39 21.1 
7 5224 f°) 5.60 32.6 
10532 5-39 44.7 
4 20728 5.36 70.4 
10 - 2160 | 5.56 18,3 
1] 8345 5.08 40.4 
12 4405 5.17 26.0 
15 3161 ! 5.06 22.9 
16 5706 4.92 31.6 
17 6905 4.94 35.2 
18 5164 | 4.84 29.9 
19 1465 4.59 16.2 
20 1747 4.04 17.5 
21 2514 @) 4.88 20.8 : 
3624 0 4.82 
23 8363 5.19 38.5 
44600 5.01 25.0 
2042 8) 5.17 1826 
26 +4 4.58 12.7 
27 727 0 4.39 11.9 
28 1023 0 4.352 13.8 
29 1269 0 4.15 16.6 
20 2044 y 4.73 19.7 
31 4236 0 4.71 20.4 5 
32136 4.54 90.9 
22710 4.43 75.6 
a4 46190 5.80 121.2 2 
50860 0 5.77 126.1 
36 A9T4O 0 5.72 104.1 
+1227 5896 4.72 123.3 
45 42460 5570 4.76 104.0 
43 25759 536 4.61 88.6 
50 21433 5637 4.44 
51 16206 583 4.63 61.5 
13045 53551 4.54 53-9 
53 11024 6035 4.75 49.5 
54 5544 6040 5.01 46.0 
5 666: 599t 5.13 44.5 
56 2689 5.0c 44,6 
57 5318 5805 4.95 44.4 
2054 579e 5204 43. 
59 1873 552: 5.14 42.0 
60 2257 10124 4. 55.0 
61 2028 10113 5. 53.6 
62 307 55. 
5h 
50. 
55.7 
56.8 
i 10541 ‘ 63.6 
(2 11540 10216 56 64.3 
13156 10407 5. 65.1 
74 15468 10365 5.40 66.4 
TS 15258 10294 5.27 
76 21373 10276 5.02 73.6 
ca 25257 10126 4.94 78.3 
4: 30058 10417 4 89.6 
"9 37 334 10352 4.55 111.0 
a - 30 44071 10515 4.59 129.1 
2372 15530 5.25 70.1 
82 4605 15545 5.22 70.3 : 
63 7301 15502 5.58 72.9 
84 10635 15500 5.21 78.7 
8: 13048 15842 5.53 B2.6 
86 16637 15839 5.26 84.7 
87 23371 15578 5.24 86.0 
88 28339 15638 4.89 91.5 
39 33742 15406 5.16 99.4 
gO 29996 15793 535 
gi 46510 15611 5.23 118.6 
. (16) 
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test variable. A plot of Nusselt number from the anal- 
ogy solution, Equation [13], as a function of Prandtl 
number with Reynolds number held constant, indicates 
that Nusselt number does truly vary as about the 1/3 
power of Prandtl] number over the Prandtl-number range 
0.6 to 15 and the Reynolds number range of the ex- 
periments, and this is then the justification for the 
inclusion of Prandtl number in Equation [16]. It is 
thus concluded that Equation [16] should be applica- 
ble over this Prandtl-number range, and possibly to 
much higher Prandtl numbers. Actually the assump- 
tions incorporated in the analogy solution become 
questionable outside of this range of Prandtl number. 


SumMMARY AND CONCLUSIONS 


In this paper consideration of heat transfer from a 
rotating cylinder has been extended to the case of a 
crossflow of fluid to the cylinder. It is shown that 
there are essentially two flow regimes; one at low ro- 


Fic. 9 ProsasBLe Frow Patterns Rotation WitH CrossFLow 


Equation [17] is very close to the equation originally proposed by 
Anderson and Saunders. However, both the analogy solution and 
the experiments of Dropkin and Carmi for free convection at high 
rotating Reynolds numbers indicate that at high Reynolds num- 
bers Nusselt number varies as the 0.7 power of Reynolds 
number, or even greater. Thus Equation [16] is recommended 
for use only over the range of variables indicated in Fig. 10, and 
for higher rotating Reynolds numbers Equation [13] can be 
used. 

It will be noted that Prandtl number has been introduced into 
Equation [16] despite the fact that Prandtl number was not a 


tating speeds where the effects of crossflow are con- 
trolling and where the boundary layer separates in a 
manner similar to that of the nonrotating cylinder; the 
other at high rotating speeds where there is a continuous bound- 
ary layer around the cylinder with no separation, and where the 
rotating effects control the heat-transfer rate. The transition 
from the first regime to the second occurs approximately at the 
point where the peripheral velocity on the surface of the cylinder 
is equal to twice the crossflow velocity. 

Investigation of the boundary layer for the case where the ro- 
tating effects are entirely controlling indicates a temperature pro- 
file very similar to that obtained with turbulent fiow over a sta- 
tionary flat surface. From the cylinder surface to about y+ = 20 
the temperature profile can be predicted accurately by a von 
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Karman type heat-and-momentum-transfer analogy; beyond 
y* = 20 the diffusivity for heat becomes very much greater than 
for flow over a stationary surface, and it is concluded that 
secondary flow is the controlling mechanism for y+ > 20. 

A heat-and-momentum-transfer-analogy solution for the Nus- 
selt number for the case of negligible effect of free convection and 
crossflow is proposed. It is shown that this solution correlates 
very well with the experimental data presented in this paper, as 
well as the data of other investigators at rotating Reynolds num- 
bers as high as 430,000. 

Finally it is shown that the combined effects of rotation, free 
convection, and crossflow can be approximately correlated by an 
equation which is an extension of an earlier equation proposed by 
Etemad for correlation of the combined effects of rotation and free 
convection, 
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Discussion 


Arren Carmi.‘ The authors have made a valuable contri- 
bution in a field where, until recently, no theoretical or experi- 
mental data were available. This paper, by corroborating the 
results of other investigators, verifies the validity of the previously 
suggested equations for a rotating cylinder without crossflow, 
especially in the higher range of rotational Reynolds numbers. 

The experiments with crossflow were performed by providing 
an air stream vertically downward on the rotating cylinder. It 
appears to the writer that, at low air and surface velocities, 
a vertical air stream would have an influence on the results 
by acting with or against the bouyancy forces of the warm air 
involved in the mechanism of free convection. Therefore, for 
very low values of rotating and normal-flow Reynolds numbers, 
a horizontal air stream would eventually give better average 
performance data than a vertical stream. 

Concerning the surface-temperature-measurement technique 
used by the authors, it is questionable whether the temperature 
at a point located on the center line at one end of the cylinder 
can be considered to represent the average temperature of the 
cylindrical surface. Assuming that the end heat losses are 
negligible, an axial temperature gradient would still occur as a 
result, of the end effect; i.e., the influx of ambient air from the 
cylinder ends toward the center. The magnitude of this 
effect is primarily a function of the temperature difference 


‘Heat Transfer Development Engineer, Corning Glass Works, 
Corning, N. Y. 


— Nast 0, Ner= 4.1- 56*I0°, Ne= 1470-SI000 
go 5 | | 
| 
| | | | 


between cylinder surface and ambient air, becoming greater as 
the temperature difference increases. While the end effect can be 
considered negligible for a long cylinder, the actual average 
surface temperature increases in such a case and a larger error is 
involved when the temperature at one end of the cylinder is 
assumed for the entire surface. However, in the experimental 
procedure presented in this paper, because of the proximity of the 
thermocouple to the heater and the relatively small temperature 
differences between surface and ambient air, it is possible that 
only a negligible error was introduced by the temperature- 
measurement technique used by the authors. 

The constants in Equation [6] for the velocity profile in the 
buffer layer are experimental values for flow inside a cylinder. 
The writer does not know of any experimental work proving the 
validity of these constants for flow over the outside of cylindrical 
surfaces, If the fact, that the afore-mentioned equation was used 
successfully in this paper to correlate the theoretical analysis 
with the experimental data, can be regarded as a proof that the 
constants apply for flow outside cylinders, this would be an im- 
portant extension of the von Karman-Nikuradse relation and a 
valuable contribution by itself. 

A review of the published papers related to heat transfer 
from a rotating cylinder shows that, as the range of Reynolds 
numbers was extended, the value of the exponent in the recom- 
mended equation increased. This indicates that the logarith- 
mic plot of Nusselt number versus Reynolds number is not a 
straight line over the entire range as it might appear from the 
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work of previous investigators. It is interesting to note that 
this fact is demonstrated by the results obtained from the 
analogy calculation presented by the authors. 


AuTuHors’ CLOSURE 


The authors wish to thank Mr. Carmi for his interesting and 
pertinent discussion. 

One point which apparently needs clarification is the surface- 
temperature-measurement procedure. The temperature meas- 
ured near the end of the cylinder was not taken as the average 
temperature of the surface, but only as local temperature from 
which the average temperature could be calculated using a 
theoretically established and experimentally verified longitudinal 
temperature profile. 
measured temperature to the average surface temperature was 
small, about 2'/2 per cent for the higher Nusselt numbers. 

The correction of the measured cylinder temperature did not 
include any consideration of what Mr. Carmi calls the end effect, 
the influx of ambient air from the cylinder ends toward the 
center. The authors feel, however, that due to the cellular 
nature of the secondary flow, as shown in interference pho- 
tographs by Etemad (3), there is no significant over-all longi- 
tudinal flow. For a long cylinder there is, instead, local influx 


The correction necessary to convert the 


of ambient air at many points along the cylinder, and hence 
no over-all axial temperature gradient should be expected. 


> 
78 
‘ 


Heat-Transfer Characteristics of the 
Rotational and Axial Flow Between 
Concentric Cylinders 


By CARL GAZLEY, JR.,2 SANTA MONICA, CALIF. 


This paper considers the convective heat-transfer char- 
acteristics of the flow in the annular gap between a rotat- 
ing inner cylinder and a stationary outer cylinder. Heat- 
transfer measurements are reported for two gap sizes and 
various combinations of axial and rotational flows. Both 
smooth and slotted surfaces were used. Measurements 
for laminar and turbulent-flow conditions followed the 
trends predicted by theory. An unusual feature of the re- 
sults for rotational flow without axial flow is the heat- 
transfer rate in an intermediate flow region existing be- 
tween the laminar and turbulent regimes. Here, regular 
ring-shaped vortexes cause a heat-transfer rate even 
greater than with turbulent flow. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = average of rotor and stator cylindrical surface areas 
skin-friction coefficient, 7/(pu?/2) 
heat-transfer coefficient for heat transfer across gap 
qR.8 
A(Tp — Ts) 
heat-transfer coefficient for heat transfer between rotor 
and air in gap 
A(T, — Ta) 
heat-transfer coefficient for heat transfer between stator 
and air in gap 
A(T, — Ts) 
= thermal conductivity of fluid 
radial clearance between rotor and stator 
length of axial-flow passage 
pressure 
heat flow per unit time from rotor surface 
heat flow per unit time to stator surface 
heat flow per unit time to axial air flow 
radius 
radius of rotor 
= radius of stator 
temperature 
temperature of rotor surface 
temperature of stator surface 


Cy 


hg = 


hr 


1 A report of an engineering research project of the General Engi- 
neering Laboratory of the General Electric Company, Schenectady, 
N. Y., and supported by the motor manufacturing divisions of the 
General Electric Company. 
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Annual Meeting, New York, N. Y., November 25-30, 1956, of Tur 
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Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, July 31, 
1956. Paper No. 56—A-128. 
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= average temperature of fluid in gap 
inlet temperature of axial air 
outlet temperature of axial air 
peripheral velocity of rotor surface 
velocity of axial air flow 
“effective” velocity = [v,2 + 
distance from surface 
absolute viscosity of fluid 
fluid density 
kinematic viscosity of fluid = p/p 
Prandtl number of fluid = Cpu/k 
= fluid shearing forces 


Dimensionless numbers 
Nug 


Nusselt number for heat transfer across gap, hg2l,/k 

Nusselt number for heat transfer from rotor surface, 
hplg/k 

Nusselt number for heat transfer from stator surface, 
hs2l¢/k 

Reynolds number based on peripheral velocity, lguz/v 

Reynolds number based on axial velocity, 2/gv,/v 

Reynolds number based on effective velocity, 2igVe/v 


Nus 


Re, 
Re, 
Re, 


INTRODUCTION 


The most common instance of flow between concentric cylinders 
occurs in various rotating machinery. In many cases the heat- 
transfer characteristics of this ‘‘air gap’’ are the least known of the 
many heat-flow paths in an electric rotating machine. Careful 
heat-transfer analysis in the design of electric rotating machinery 
is necessary, not only to prevent exceeding material tempera- 
ture limitations, but also to enable size reduction and increase in 
power rating. 

Although a few experimental data for heat transfer across the 
gap between concentric cylinders exist, the results are not con- 
sistent and have not been rationalized for extension to other 
situations. While analytical and experimental studies of the 
flow characteristics have been made, they have not been used to 
predict or rationalize the heat-transfer characteristic. 

The simplest case of concentric cylinder flow is that in which no 
axial flow occurs. In this case the flow is actuated only by the 
rotation of one of the cylinders and can be characterized by a 
Reynolds number and by a dimensionless curvature factor. 
The Reynolds number is defined in the usual way 


(equivalent diameter)(mean velocity) 


Re 
kinematic viscosity 
(2loNun/2) _ 
v v 


where lg is the gap width, uz is the peripheral velocity of the ro- 
tor, and v is the kinematic viscosity of the fluid between the 
cylinders. The dimensionless curvature is expressed as the ratio 
of rotor radius to the gap width, rp/lg. 
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The type of flow that occurs in the gap, (i.e., laminar, transi- 
tional, or turbulent) depends on these two dimensionless parame- 
ters. In 1923 G. I. Taylor (1)* studied theoretically the stability 
of the laminar flow and concluded that a definite mode of disturb- 
ance arises when, for a given (large) value of rp/lg, the Reynolds 
number exceeds the value 


(Reg )erit = 41.1 

lg 

The experiments of Taylor confirm this theoretical relation 

closely and indicate that when the critical Reynolds number is 

just exceeded, only one mode of disturbance is unstable. This 

results in an instability which consists of alternate ring-shaped 

vortexes symmetrical about the axis of the cylinders and spaced a 

definite distance apart. The form of these vortexes is illus- 
trated in Fig. 1(a). 

At higher Reynolds numbers, other modes of disturbances be- 
come unstable and the flow changes from that containing the 
regular disturbances shown in Fig. 1(a) to a turbulent type of 
flow. Even in the turbulent region, a secondary flow has been 
observed by Pai (2), superimposed on the turbulent fluctuations. 
This secondary motion is somewhat similar to the steady inter- 
mediate flow of Fig. 1(a) and is illustrated in Fig. 1(b). Rota- 
tional velocity profiles for turbulent flow have been measured by 
Pai (2), Wattendorf (3), and Wendt (4). Taylor (5) measured 


temperature as well as velocity profiles. The frictional torque be- 
tween a rotating and stationary cylinder with turbulent flow in the 
gap has been measured by Taylor (6). 

Limited measurements of the heat-iransfer rate between an 
inner rotating cylinder and a stationary outer cylinder have been 
reported by Hoseason (9). Hoseason’s measurements were made 


with a 0.023-in. gap on a rotor of unknown size. He used a modi- 
fied squirrel-cage motor with semiclosed slots on both rotor and 
stator (slot dimensions not reported). The results of Hoseason 
will be compared with the results of the present investigation in a 
later section of this paper. 

When there is an axial flow superimposed on the rotational 
flow, the fluid in the gap presumably follows a helical rather than 
a purely rotational path. The experiments of Fage (10) and 
Cornish (11) have shown that both laminar and turbulent types 
of flow are possible; however, the intermediate vortex type of 
flow apparently does not occur, the laminar-turbulent transition 
having the appearance of pipe or channel flow. Goldstein (12) 
has analyzed the stability of a laminar flow between concentric 
cylinders with axial flow and the inner cylinder rotating. His 
theoretical results indicate that the stability of a purely rotational 
laminar flow is increased slightly by the addition of an axial flow. 

Cornish (11) has reported the pressure drop of the axial flow 
with the inner cylinder rotating, and Luke (7, 8) measured the 
heat loss from a 25-in-diam rotor of 36 in. length to the air in a 
0.5-in. gap. The rotor surface was formed by a flat heating- 
element strap spirally wound; the stator surface was uncooled. 
Rotational speeds varied up to 1300 rpm and various axial veloci- 
ties were used. The correlation of such results, for various com- 
binations of axial flow, and rotation requires the establishment of 
an “effective’’ velocity; i.e., some combination of the axial ve- 
locity and the rotational velocity. The establishment of such a 
velocity is described in a later section of this paper. 

The effect of slots in the rotor and stator surfaces on the heat- 
transfer and flow characteristics in the gap is also of interest since 
slots frequently exist in various types of rotating electric ma- 
chines. As far as is known no systematic investigation of slot 
effects has been made. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The present investigation was initiated to correlate and extend 
the available knowledge of concentric-cylinder flows and to pro- 
vide a better basis for the heat-transfer design of rotating ma- 
chinery. An experimental study was made of the heat-transfer 
characteristics for nominal gap sizes of 0.017 and 0.24 in. with a 
nominal gap radius of about 2.5 in. Both smooth and slotted 
rotor and stator surfaces were used. Tests were made with the 
inner cylinder rotating (0-4700 rpm), both with and without axial 
air flow (axial velocities of 0 to 300 fps). Theoretical relations 
are developed for both laminar and turbulent flow in the gap and 
are compared with the experimental results. * An effective ve- 
locity is developed empirically for the case of mixed axial and 
rotational flow, and is used to correlate the results of this and 
previous investigations. 


EXPERIMENTAL EQUIPMENT 


The test equipment consisted essentially of a modified electric 
motor with an electrically heated rotor and a water-cooled stator. 
Auxiliary equipment was provided for supplying power, cooling 
water, and axial air flow, and for measurement of these quantities 
as well as temperatures at various points in the equipment. The 
modified motor allowed controlled heat-flow paths, interchangea- 
ble rotor and stator surfaces, and controlled air-flow paths. A 
schematic diagram of the test equipment is given in Fig. 2 and its 
various components are discussed in more detail in the following 
paragraphs. 

Rotor and Stator Surfaces. The interchangeable aluminum ro- 
tor and stator surfaces were designed to give two nominal gap 
sizes, 0.017 and 0.240 in. The inside diameter of the stator sur- 
faces was 5.020 in. and the outer diameters of the rotor surfaces 
were 4.985 and 4.540 in., giving the small and large gap dimen- 
sions, respectively. End caps, 0.75 in-thick ‘‘Textolite” plastic 
and the same diameter as the rotor and stator surfaces, were pro- 
vided for thermal insulation and as a partial calming length for 
the axial air flow. A variety of rotor and stator surfaces was 
provided so as to give both smooth surfaces and various com- 
binations of slot configurations, covering the range typical of 
rotating electric machines. 
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Sectional sketches of the rotor and stator combinations used 
in the tests are shown in Fig. 3 and the dimensional characteris- 
tics of the various surfaces are given in Table 1. Each surface 
was equipped with copper-constantan thermocouples, the junc- 
tions being located as close to the gap surface as possible. The 
thermocouple leads left the gap surface through a slant hole 
and then through axial grooves on the back of the surface to the 
end of the cylindrical surface assembly. The holes and grooves 
were filled with copper cement so as to minimize disturb: of 
the heat-flow paths. On the rotor pieces, thermocouples were 
located at three axial positions, all at the same angular position. 
Nine stator thermocouples were mounted at the same three axiul 
positions and at three angular positions. 

Simulated Motor Assembly. A standard General Electric No. 
225 frame was used as a basis for the construction of the test 
equipment. Textolite inserts were used as supports for the stator 
surface and for the walls of the cooling-water passage. The cool- 
ing water entered at the bottom of the assembly, flowed around 
both sides of the stator surface, and left at the top. 

The rotor assembly consisted of a Textolite core mounted on a 
shaft and the end caps described previously. A resistance heating 
coil was wound around the core, the various rotor-surface pieces 
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Test EquipMENT 


being slipped over the coil. Power was supplied to the heating 
coil through slip rings and measured by a wattmeter. The rotor 
shaft was driven by a drive motor through a pulley-belt system 
which allowed speed variation from 540 to 4700 rpm. 

Atr and Water-Supply Systems. The axial-air-flow supply was 
obtained from the building compressed-air line. The pressure was 
reduced through a regulating valve and a filter. The air then 
passed through a plenum chamber containing screens and nozzles 
for flow-rate measurement. After passing into the motor as- 
sembly and through the annular gap between the rotor and stator 
surfaces, the air left the test assembly through the end bell of the 
frame. The temperature of the inlet and outlet-air streams was 
measured, as indicated by the thermocouple locations in Fig. 2. 
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Cooling water was supplied to the stator surface from a con- 
stant-head tank. After passing through the stator cooling jacket 
the water flowed from the top of the test assembly to a weigh 
tank. Temperatures of the inlet and outlet-water streams were 
measured by thermocouples located as shown in Fig. 2. 

Thermocouple Circuitry. All thermocouples were copper- 
constantan and were connected through a selector switch to a 
precision potentiometer with an external light-beam galvanome- 
ter. The stationary thermocouples were connected directly to the 
selector switch. However, in the case of the rotor thermocouples 
a more complicated circuitry was necessary to compensate for the 
slip-ring connections. The thermocouple leads from the rotor 
surface were brought to the rotor end cap where they joined cop- 
per lead wires which pass through the shaft to the slip-ring as- 
sembly, where connections were made to the silver slip rings. 
The copper-constantan junction at the end cap projected about 
1/, in. normal to the cap. Two opposing carbon brushes rode on 
each slip ring. These brushes were connected to copper lead 
wires. The lead coming originally from the copper side of the 
thermocouple was connected directly to the selector switch. 
However, the lead coming from the constantan side of the 
thermocouple is brought back to the motor assembly where 
another junction is formed with constantan near the rotor end 
cap to compensate for the junction on the end cap. The constan- 
tan lead from this junction was then taken to the selector switch. 
A common cold junction for all of the thermocouples was located 
between the selector switch and the potentiometer. 

?eduction of the Test Data. In the case of the tests without axial 
air flow, measurement of the heat generated in the rotor and the 
rotor and stator surface temperatures allowed direct calculation 
of the rotor-stator heat-transfer coefficient 


he 


— Ts) 


Measurement of the heat gained by the stator cooling water 
allowed a partial check of the general instrumentation and 
methods, since, except for extraneous heat-flow paths, the heat 
generated in the rotor should appear as heat gained by the stator 
cooling water. It was found that some heat loss occurred through 
the rotor end caps. The magnitude of this heat loss was deter- 
mined by several test runs with the rotor stationary, the ends of 
the gap closed, and with various degrees of rotor heating and sta- 
tor cooling. It was found to be generally less than 10 per cent 
of the heat generated in the rotor. In the actual calculation of 
the gap heat-transfer coefficient, the corrected heat output of the 
rotor surface was used. 

A similar correction was applied to the reduction of the data 
for tests with axial air flow. In addition, the measured heat flow 
to the axial air flow was corrected for the heat generated by the 
shaft bearings. As Fig. 2 indicates, the axial air flow passes over 
a bearing on either end of the rotor, The amount of heat gen- 
erated by these bearings was determined by several test runs at 
various rotor speeds and with no heat generation in the rotor and 
with no stator cooling. 

The corrected heat quantities thus computed generally agreed 
within about 10 per cent; i.e., the sum of the heat gained by the 
axial air flow and by the stator cooling water agreed closely with 
that generated at the rotor surface. The rotor and stator heat- 
transfer coefficients were computed using the corrected heat 
quantities leaving the rotor surface and entering the stator sur- 
face 
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FLow Heat-TRANSFER CHARACTERISTICS 


While previous theoretical treatments have covered the 
velocity distribution, stability, and frictional characteristics of 
laminar flow for both the rotational and mixed (rotational and 
axial) flow cases, the heat-transfer characteristics of such flows 
have not been treated. Furthermore, neither the flow character- 
istics nor the heat-transfer characteristics of a turbulent gap 
flow have been treated for either the rotational or mixed case. 
In this section, the available work will be reviewed and attempts 
will be made to fill in certain of the gaps in the theory. 

The various flow conditions for the case of the inner cylinder 
rotating with no axial flow will be considered first. The effects of 
an axial flow, superimposed on the rotational flow, will then be 
evaluated in an approximate fashion. 


Inner Cylinder Rotating Without Axial Flow 


In the case of the inner cylinder rotating with no axial flow, the 
fluid in the gap has primarily a rotational velocity component. 
At low values of the gap Reynolds number the flow in the gap has 
a laminar character. When the gap Reynolds number exceeds the 
critical value given in Equation [1], a definite mode of disturb- 
ance appears, resulting in the ring-shaped vortexes illustrated in 
Fig. l(a). At still higher Reynolds numbers the flow becomes 
turbulent with the secondary flow of Fig. 1(b). 

Laminar Flow. If the flow in the annular gap is of a laminar 
nature, the velocity distribution may be computed from the 
fundamental relationship between shearing stress, viscosity, and 
velocity gradient 


where y is the distance from the stationary outer cylinder. This, 
of course, reduces to the linear velocity distribution of plane 
Couette flow when the gap size is small compared to its radius. 
Defining a friction coefficient as 


and the Reynolds number as 
21,(up/2) lgu 
Reg = - = 
v v 
use of Equations [2] and [3] yields, for the rotor and stator skin- 
friction coefficients 
lg 
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When the gap clearance /g is small compared to the radius, both 
equations reduce to 
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The resulting velocity distribution in the gap is 
1 r i. 
’ 1 
TR le Tr 
p/2(up/2)? 
1+— 
2 Tr 
8 1 
8 


JANUARY, 1958 


which is the friction coefficient for plane Couette flow. 

The steady-state heat transfer across the gap for laminar flow 
is accomplished by pure conduction. The solution for radial con- 
duction across the wall of a hollow cylinder is applicable and may 
be expressed in terms of a gap Nusselt number as 


Nug = j = 2.0 (6) 


where the heat-transfer coefficient is 


be = 

A,(Tp — Ts) 
and A, is the logarithmic mean of the rotor and stator surface 
areas. 

Intermediate Vortex Flow. The regular instability, occurring 
after the breakdown of laminar flow and pictured in Fig. 1(a), is 
an extremely complex flow pattern. The streamlines of this flow 
have been computed by Taylor (1) for a few specific cases. No 
theoretical results are available, however, for the skin friction or 
heat transfer in this region. Torque measurements have been 
made by Taylor (6) and yield friction coefficients appreciably 
higher than the laminar value predicted by Equations [4] and 
[5} as shown in Fig. 4. Furthermore, the friction coefficient ap- 
pears to vary approximately inversely with the square root of the 
Reynolds number 


c, ~ (Reg)~ 

An indication of the possible increase in heat transfer to be ex- 
pected in this intermediate-flow range is given by Cole (13) who 
analyzed the increase in heat transfer due to a recirculating 
vortex-type motion similar to that of the secondary flow pictured 
in Fig. l(a). He finds that the increased heat transfer, expressed 
in ratio to the value for conduction only, varies as the square 
root of a vortex Reynolds number, which contains the vortex 
diameter and the maximum velocity in the vortex 


Nu 
V/ Revortex 
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Such an increased heat transfer has been observed by DeLauer 
and Nagamatsu (14) in a separated-flow region on a plate in hy- 
personic flow. 

Turbulent Flow. In the turbulent-flow region the instability 
increases and has a more random nature. However, the experi- 
ments of Pai (2) indicate that a regular type of secondary flow still 
persists as illustrated in Fig. 1(6). The distributions of tem- 
perature and of peripheral velocity have been measured by Taylor 
(5) who found that while they appeared to confirm the vorticity- 
transfer theory in the central region of the gap, the measure- 
ments close to the solid surfaces were similar to the values pre- 
dicted by the momentum-transfer theory. Since the major re- 
sistance to heat transfer and the largest velocity gradients occur 
close to solid surface, it appears reasonable to use the momen- 
tum-transfer theory to predict the skin friction and heat transfer. 
This has been done by the author (15) and the results are sum- 
marized in the following. 

In this analysis the secondary flow and the curvature are neg- 
lected and the flow characteristics are assumed to be similar to 
those in turbulent flow through pipes and channels and in 
boundary layers. A two-layer model is chosen consisting of a 
laminar sublayer and a turbulent surlayer. Conditions are as- 
sumed symmetrical about the mid-point of the gap. In the 
laminar sublayers 


and in the turbulent central region 
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where the proportionality constant A is 0.40. 
dimensionless “‘friction velocity”’ 


In terms of the 
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the thickness of the laminar sublayer is chosen as yu«/v = 11.6. 
Then the velocity distribution between the stationary outer 
cylinder and the mid-point of the gap is 
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while that in the neighborhood of the rotating inner cylinder is 
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It will be noted that these expressions are similar to the Karman- 
Nikuradse expressions (16) for the velocity distribution in flow 
through tubes or between stationary parallel plates. 

The skin-friction coefficient is found to be related to the gap 
Reynolds number by the expression 


= 2.04 + 1.768 In Reg Vc, 


This equation is shown in Fig. 4 in comparison with the data of 
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Taylor (6) for several gap sizes. The agreement is reasonably 
good considering that the effects of curvature and secondary 
flow were neglected. Taylor’s data indicate an effect of curvature 
as well as an increased friction due to the effects of secondary 
flow. 

Utilizing the analogy between heat transfer and momentum 
transfer, these velocity distributions may be used to obtain an ex- 
pression for the heat-transfer rate across the gap. Since the 
velocity distribution is similar to that for flow between stationary 
plates, existing solutions may be used with only slight modifica- 
tion. Martinelli (17) has derived an expression for the heat 
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transfer to a fluid flowing between two parallel plates with a con- 
stant heat rate at each plate. He obtains 


5 [Ps +In(1 +5Pr) + '/2In = 


Nu, = 


The heat-transfer coefficient in the Nusselt number Nu, is based 
on the temperature difference between the surface and the mid- 
point of the flow passage. This equation is valid only when the 
fluid is being symmetrically heated or cooled from each plate. In 
the present case, the fluid is being heated from one side and 
cooled from the other, with no net heat transfer to the fluid. For 
this asymmetrical case Seban (18) has evolved a correction factor 
to Martinelli’sequation. Seban finds that the correction factor is 
a function of the Prandtl! number and Reynolds number. For 
air at ordinary temperatures (Pr = 0.72), the ratio f of the heat- 
transfer coefficient for asymmetrical heat transfer, with no net heat 
transfer to the fluid, to that for symmetrical heating or cooling 
varies from 0.715 at Reg = 10,000 to 0.785 at Reg = 1,000,000. 
Thus Equation [8], after insertion of a factor of two to convert to 
a heat-transfer coefficient based on the temperature difference be- 
tween the two surfaces, becomes 


Pr Re (c,/2)'/2 
Nug = — [9] 


10 [Ps + In (1 +5 Pr) + '/2 In (e/2)" | 


This equation is compared with the experimental results of the 
present investigation in a later section of this paper. 


Inner Cylinder Rotating With Axial Flow 


When an axial flow is superimposed on the rotational flow, a 
somewhat more complicated situation exists. The flow stream- 
lines presumably follow a helical path rather than a purely rota- 
tional path. Furthermore, the fluid in the gap generally will suffer 
a net gain or loss of temperature, instead of simply acting as a 
heat-transfer medium. 

Laminar Flow. A theoretical analysis has been made by Gold- 
stein (12) of the flow characteristics in a gap with mixed axial and 
peripheral flows. The results of this analysis indicate that the 
axial and rotational-flow characteristics are independent of each 
other; that is, the rotational-velocity distribution and torque for 
a given rotational speed are independent of the axial-flow ve- 
locity; similarly, the axial-flow characteristics, such as velocity 
distribution and pressure drop, are independent of the rotational 
speed. Goldstein gives the axial-velocity listribution as 


If we define an axial friction coefficient and Reynolds number as 


. [10] 


To 
pi?/2 


which is identical with the expression for flow between two parallel 
plates. The characteristics of the rotational flow are independent 
of the axial flow and are given by Equations [3], [4], and [5]. 
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Experimenta! studies of this mixed type of laminar flow have been 
made by Cornish (11) and Fage (10), and their results confirm 
the theoretical results of Goldstein (12). 

No theoretical analyses exist for the heat-transfer characteris- 
tics of a mixed laminar flow. Nor do experimental data appear 
to be available (except those of the present investigation), since 
the data of Luke (11) appear to be in the turbulent region. How- 
ever, the heat-transfer characteristics at the rotor and stator sur- 
faces presumably lie somewhere between the limits of those for 
purely rotational flow and those for purely axial flow. As pre- 
viously noted, for rotational flow 

Nug = ho(2la) = 2.0 
k 
for heat transfer from one gap surface to the other. Then ap- 
proximately 


hr.s(2le) 


Nug = Nus 


for the heat transfer between one gap surface and the fluid in the 
gap. Norris and Streid (19) have listed the available solutions 
for laminar flow through flat ducts (corresponding to a purely 
axial flow in a gap small compared to its radius). In this case the 
solution depends on the duct length and on the surface tempera- 
ture distribution. Fora long duct with each wall at the same con- 
stant temperature 


for heat transfer between either wall and the flowing fluid. For 
symmetrical heating or cooling with constant heat transfer per 
unit length 
i(2lg) 
Nu; = —— = 
k 
For one insulated wall and constant heat transfer per unit length 
on the other wall, Jakob (20) has given the solution as 
h(2 
Nu, = 5.40... 
k 
For the case of no net heat transfer to the fluid with constant 
heat input at one wall and removal at the other wall, it is ex- 
pected that the solution would be the same as the similar case of 
rotational flow 


Nu [16] 


h,(2lg) 
= 40 
k 


Thus for the heat transfer from a gap surface to a mixed axial 
and rotational laminar flow in a long gap, the Nusselt number 
should lie between 4.0 and 8.0 depending upon the relative rota- 
tional and axial velocities and upon the heat-flux distribution. 

Transitional Flow. As previously noted, the axial flow tends 
to prevent the deviation from laminar flow caused by the large 
regular vortexes described previously for the purely rotational 
flow. The theory of Goldstein (12) predicts the increasing sta- 
bility of the rotational flow as axial flow is initiated and in- 
creased. Unfortunately, the theory is applicable only to rather 
small axial velocities. However, the data of Fage (10) and 
Cornish (11) confirm the increase in stability with increasing 
axial velocity. Their results, together with the appropriate pre- 
dictions of Goldstein’s theory, are shown in Fig. 5. The trend of 
the theory is confirmed and the transition Reynolds number in- 
creases from Taylor’s theoretical value for pure rotational flow to 


= 
h,(2l 
v 
l 
Re, 21,0 
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7 the velocity distribution, Equation [10], yields 
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a value of about 2000 usually observed for duct flow. Here the 
Reynolds number is formed from an effective resultant ve- 
locity, a combination of the axial and rotational velocities, which 
is found to be useful for correlating turbulent data (see the 
following). 

Turbulent Flow. Theoretical solutions are not available for 
the velocity distribution, skin friction, or heat transfer in a tur- 
bulent mixed flow. It is reasonable to assume, however, that just 
as in the laminar case the axial flow would tend to reduce the 
secondary components of the rotational flow. Thus a somewhat 
lower skin friction and heat transfer might be expected with the 
initiation of axial flow. 

Since the turbulent skin-friction and heat-transfer character- 
istics for purely rotational flow and for purely axial flow are 
similar (as developed in the preceding section) an attempt has 
been made to determine an effective velocity to correlate the 
characteristics of mixed flows with various combinations of axial 
and rotational velocity. Initially this was done using Luke’s data 
and was later confirmed by the data of the present investigation. 

It appeared reasonable that such an effective velocity might be 
the resultant of the axial velocity and the mean rotational ve- 
locity of the fluid in the gap. For gaps small compared to their 
radius this mean rotational velocity is simply one half the rotor- 
surface velocity. Thus an effective velocity can be con- 
structed as 


Ve = + (up/2)*]'* 


The data of Luke (7) for heat transfer from a rotor surface were 
recomputed on this basis and are shown in Fig 6. Fractions of the 
rotor peripheral velocity, other than one half, were tried but 
up/2 resulted in the best correlation. The same was found to be 
the case for the data of the present investigation (see later) It is 
possible that some other fraction might be suitable for extreme 
situations; e.g., for short rotors and/or high axial velocities where 
the fluid would not be in the gap long enough to attain much ro- 
tational velocity. 

The skin-friction characteristics of the mixed flow also can be 
correlated by means of this effective velocity. The experiments 
of Cornish (11) yield perhaps the most extensive friction measure- 
ments. He measured the pressure drop for the flow of water 
through an annular passage, the inner surface of which rotated. 
In addition to the transitional data referred to in the preceding 
section, Cornish obtained considerable data in the turbulent 
range. An analysis of his data indicates that the results, for 
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various combinations of axial and rotational velocity, may be 
correlated through the use of an axial-friction coefficient 


and a Reynolds number based on the effective velocity, Vg 


_ 
Vv 


In the case of pure axial flow 
Ve "% 


Re Re, 


and the usual channel law (16) should apply 


1 
—0.40 + 4.0 Re, Vey 


As Fig. 7 shows, the data of Cornish for turbulent mixed flow 
may be correlated into a line close to Equation [18] providing 
the path length AL is chosen as the length of the spiral path fol- 
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lowing by the fluid moving at the resultant effective velocity Vz. 
The length of this path is simply 


where L is the actual length of the flow passage. The data are 
plotted as c,(v,/V,) as afunction of Reg. It is apparent that the 
turbulent data (some transitional data also are shown) for the 
various combinations of rotational and axial velocity are brought 
together and agree reasonably well with Equation [18]. 


EXPERIMENTAL RESULTS 


Measurements were made of rotor and stator heat-transfer 
rates in the equipment described previously for a variety of rota- 
tional speeds, axial-air-flow rates, and surface configurations. 
In order to encompass the Reynolds-number range of laminar, 
transitional, and turbulent-gap flows, two gap sizes were used. 


Tests Without Arial Air Flow 


In the case of rotor rotation with no axial air flow, the air in 
the gap serves as « heat-transfer agent to transfer heat from 
the heated rotor to the cooled stator. For this reason the results 
are presented in terms of the rotor-stator heat-transfer coefficient 


A(T, — Ts) 

Smooth Surfaces. The rotor-stator Nusselt number, 2hgl¢/k, is 
shown as a function of the gap Reynolds number, uglg/v in Fig. 8 
for two gap sizes with smooth rotor and stator surfaces in com- 
parison with the laminar and turbulent theories, Equations [6] 
and [9]. It is apparent that the results show the same general 
trends as indicated by the laminar and turbulent theories. 
Transition from a laminar to an unstable type of flow occurs at a 
lower Reynolds number for the larger gap, in accordance with the 
theory of Taylor (1) whose predicted critical Reynolds numbers 
for the two gap sizes are also indicated in Fig. 8. Instability in 
the small gap occurs at about the predicted point; in the case of 
the larger gap, all of the tests lie above the predicted critical point 
except those for no rotor rotation. The larger gap exhibits an 
intermediate region which extends over a greater range of 
Reynolds numbers than the transition region usually observed 
in duct flow. It is also unique in that the heat-transfer rate in 
this intermediate region is even greater than in the turbulent 
region. This is apparently due to the regular ring vortexes whirl- 
ing between the gap surfaces. These large vortexes apparently 
transfer heat more rapidly than the smaller irregular turbulent 
fluctuations. The limited number of data in this intermediate 
flow region can be represented by a relation of the form 


Nug = a +b ~V/Reg 


which can be thought of as an intuitive extension of Cole’s analysis 
for the increase in heat transfer due to such a vortex motion. 
These data also are shown in Fig. 4 in comparison with friction 
data (6); it is seen that the trends are similar. 

For no rotor rotation, the tests for both gap sizes agree well with 
conduction theory. However, the laminar test results with the 
small gap lie somewhat above the laminar theory. Apparently 
rotation produces some deviation from a purely laminar flow 
with a resultant higher heat-transfer rate. The turbulent-flow re- 
sults also lie somewhat above the approximate turbulent 
theory. This again is probably due to a secondary flow, such as 
has been revealed by the experiments of Pai (2) and illustrated in 
Fig. 1(b). 

Slotted Surfaces. The test results for various combinations of 
rotor and stator configurations having axial slots are shown in 


- 
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Fig. 9. In considering the effects of slots it should be under- 
stood that they may cause counteracting effects on the heat- 
transfer rate. The presence of slots decreases the exposed 
cylindrical surface area and thus decreases the primary heat- 
transfer area; on the other hand, they presumably disturb the 
flow in the gap and thereby increase the convective heat-transfer 
rate across the gap. The presence of insulation in the slots reduces 
the effectiveness of the slot surface. 

In order for the results with the slotted surfaces in Fig. 9 to be 
directly comparable with those for smooth surfaces in Fig. 8, they 
are based on the same heat-transfer area; i.e., the mean cylindri- 
cal surface area. In the case of laminar-gap flow, the slots de- 
crease the heat transfer below the smooth-surface value. Slots on 
the rotor only (rotor 2—stator 1) decrease the laminar heat- 
transfer rate about 10 per cent, while slots on both surfaces (rotor 
2—stator 2, rotor 8—stator 6) cause a decrease of about 20 per 
cent. In the turbulent region (0.017-in. gap), however, there is a 
slight increase in heat transfer with the slotted surfaces. In the 
intermediate-flow range there is little effect of slots except, at 
higher Reynolds numbers, where the flow is probably almost tur- 
bulent. Here the presence of slots increases the heat transfer ap- 
preciably. It is somewhat surprising that the presence of slots 
does not appear to prevent the intermediate vortex-type flow. 

The results of Hoseason (9) for heat transfer across the gap in a 
modified squirrel-cage motor with semiclosed slots on both gap 
surfaces are also shown in Fig.9. Unfortunately, he did not report 
the slot dimensions, rotor diameter, or the area basis of his heat- 
transfer coefficient. Hoseason’s data lie appreciably higher than 
either the present data or theory. His data appear to be charac- 
teristic of a turbulent type of flow. 


Tests With Axial Air Flow 


In the case of axial air flow, the individual transfer rates at the 
rotor and stator surfaces must be considered since part of the heat 
leaving the rotor remains in the air stream and the other part is 
transferred through the air to the stator. The results are thus 
best expressed as 


hp =- qr 
A(T, — T.) 
qs 
hs = - _ 
A(T, — T's) 
Since the major purpose of this part of the program was to de- 
termine the rotor-air heat-transfer coefficients, the accuracy of 
the rotor-air results is somewhat better than the stator-air re- 
sults. This is due to the design of the equipment and to the tem- 
perature level of the axial air during the tests. Because of their 
greater accuracy the rotor-air results were given major considera- 
tion in the establishment of the eftects of slots and of the effective 
velocity. 

Establishment of Effective Velocity. Before consideration of 
the characteristics of the mixed axial and rotational flow, it was 
convenient to ascertain what combination of axial and rotational 
velocities determines the convective heat-transfer rate. Such an 
effective velocity is useful for the establishment of a general de- 
sign correlation and is needed primarily for turbulent-flow con- 
ditions, since velocity has little or no effect in laminar flow. Tests 
with the larger gap and with smooth rotor and stator surfaces at 
various combinations of axial and peripheral velocity, together 
with the data of Luke (7) (see Fig. 6), were used in establishing 
this velocity. 

The rotor-air heat-transfer coefficients of the present study are 
shown in Fig. 10 as a function of the effective velocity 


Vg = [v,? + (ug/2)?]'/* 
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It is apparent that tests with various combinations of axial and 
peripheral velocity are brought together reasonably well. The 
same is true of Luke’s data (7), as Fig. 6 shows. Therefore this 
effective velocity has been used in the Reynolds number for gen- 
eral correlations of the rotor-air and stator-air heat-transfer rates 
for both smooth and slotted surfaces. 

Smooth Surfaces. The rotor-air heat-transfer results for smooth 
gap surfaces are shown in Fig. 11 in comparison with the results 
for no axial flow. One interesting feature observable in Fig. 11 
is that the axial flow tends to stabilize the laminar flow in the 
smaller gap and to prevent the formation of the intermediate vor- 
tex flow in the larger gap. This is compatible with the theory 
of Goldstein (12) discussed previously, which predicts the stabi- 
lizing effect of axial flow. The axial flow apparently prevents the 
formation of the large vortexes occurring in the unstable inter- 
mediate type of flow. With axial flow, the transition to turbulent 
flow is similar to that occurring in pipe flow. 

As noted in a previous séction, no theory is available for heat 
transfer in the case of mixed axial and rotational flow. However, 
the results may be compared with the theories for the extremes 
of pure rotational flow and pure axial flow. This comparison is 
shown in Fig. 11 for various heat-flow distributions. It is ap- 
parent that while the laminar data scatter around the theories, 
the turbulent data lie definitely above the theories. This may be 
due to the secondary flows which the theories neglect. The mean 
line of Luke’s data (7) is also shown in Fig. 11 and is seen to lie 
somewhat below the present data. However, Luke’s measure- 
ment of air-flow rate is somewhat doubtful and his data probably 
should be displaced to the left, which would bring them more into 
line with the present data. 

Data for stator-air heat transfer are shown in Fig. 12 in com- 
parison with the mean lines of the rotor-air data. The same 
effective velocity used in the presentation of the rotor-air data is 
used here also. As noted in the foregoing, the stator-air data are 
not as accurate as the rotor-air results and, consequently, there is 
considerably more scatter among the data. However, they exhibit 
trends similar to the rotor-air results, but somewhat higher 

Slotted Surfaces, All of the axial air-flow tests with slotted 
surfaces were made with insulated slots. Before discussing the 
effects of slots on the convective heat-transfer rate on the slotted 
surface itself, it is interesting to consider the effects of slots in one 
gap surface on the heat transfer at the other gap surface. Fig. 13 
shows the effect of stator slots on the heat-transfer rate at the 
smooth rotor surface. Data for both pure rotational flow and 
mixed flow are shown. In both cases the stator slots appear to 
have no appreciable effect on the rotor heat-transfer characteris- 
tic. 

Test results for rotor-air heat transfer with several slotted 
rotor-stator combinations in mixed flow are shown in Fig. 14, in 
comparison with the results of Fig. 11 for smooth surfaces. Within 
the limits of accuracy of the data, little effect of the slots is evi- 
dent. It should be emphasized that the heat-transfer coefficients 
are based on the nominal mean cylindrical area, so that the 
two counteracting effects (mentioned previously) apparently 
compensate each other. 

Stator-air results were similar to those for the smooth surfaces 
shown in Fig. 12. They lie somewhat above the rotor-air results 
and exhibit considerable scatter. Again, no appreciable effect of 
slots was evident. 
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Discussion 


Frank Krertu.‘ The author has performed valuable experi- 
ments on the heat transfer in a system which has many practical 
applications. His data also contribute basic information on 
convection in rotating systems. 


4 Associate Professor of Mechanical Engineering, Lehigh Univer- 
sity, Bethlehem, Pa. Assoc. Mem. ASME. 
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In Fig. 9 of the paper the author compares the rotor-stator 
Nusselt number with the results of an analysis (18) for flow 
between two parallel plates. To evaluate the analytical expres- 
sion, Equation [9], the friction coefficients of the system must be 
known. For flow between flat plates the frictional drag is 
the same for both surfaces, but this is not true for the inner and the 
outer surfaces of the annulus formed between the stator and 
the rotor. Hence it would be of interest to know how the friction 
coefficients in Equation [9] were evaluated, in particular since 
Taylor’s measurements (6) indicate that both curvature and 
secondary flow affect the frictional drag. 

It is of interest to note that the curvature influences also the 
heat-transfer coefficient. In curved flow it is not certain whether 
the moment of momentum, the vorticity, or the vortex parameter 
is the pertinent transferable property to be used in an analogy 
calculation. From a basic point of view it is therefore questiona- 


ble whether a direct comparison of the author’s data with the 


&’ Numbers in parentheses refer to the Bibliography of the paper. 
¢ “The Influence of Curvature on Heat Transfer to Incompressible 
Fluids,” by F. Kreith, Trans. ASME, vol. 77, 1955, pp. 1247-1256. 
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results of an analysis based on flow between flat plates is mean- 
ingful; the disagreement between the analytical and experimental 
results in Fig. 9 is consequently not unexpected. 


AutTHor’s CLOSURE 


The comments of Professor Kreith are appreciated. The 
writer agrees that the effects of curvature influence both the skin 
friction and heat transfer in the rotating system. This is evident, 
for skin friction, in Fig. 4, where Taylor’s measurements (6) are 
compared with the theory for turbulent (flat) Couette flow, 
Equation [7]. The measurements lie some 20—40 per cent above 
the theory. This same theory for the “‘flat’’ flow was used for the 
evaluation of the skin-friction coefficient in Equation [9]. The 
comparison in Fig. 9 is analogous to that in Fig. 4; data for flow 
with curvature are compared with theory for flow without curva- 
ture. Such a comparison is not as desirable as a comparison with 
a theory for curved flow would be—if one existed. It is thought to 
be meaningful, however, in that the theory indicates the general 
trend of the data and, at least, indicates the effects of curvature. 
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Accelerated Field Tests of 


Cavitation Intensity 


By R. T. KNAPP,’ PASADENA, CALIF. 


The purpose of this paper is to describe a new technique 
for measuring the intensity of the cavitation attack in a 
piece of hydraulic equipment operating in the field, and 
to present the results and conclusions of a preliminary trial 
of this method in a 30,000-kw hydraulic turbine. This 
technique has been referred to as an accelerated test be- 
cause the time required for the test run is measured in 
minutes, and by careful planning the total outage time 
required for installation and removal of the test plates is 
short. 


BACKGROUND 


HIS proposed method of measuring the intensity or dam- 

age potential of cavitation in field equipment is an out- 

growth of the laboratory investigation of the mechanics 
of cavitation and cavitation damage with which the author has 
been engaged for some years. The major piece of apparatus that 
has been used in this study is the high-speed water tunnel in the 
Hydrodynamics Laboratory at the California Institute of Tech- 
nology.?~$ 

Aluminum Test Plates. Recently considerable attention has 
been concentrated upon the damage area in an attempt to deter- 
mine which portions of the cavitation process are responsible for 
the attack upon the adjacent guiding surface. One of the useful 
techniques developed during this period is the use of annealed 
pure aluminum for the guiding surface in the cavitation areas. 
The individual blows which constitute the hydrodynamic attack 
of cavitation on the guiding surface leave a record on this soft 
ductile material in the form of individual indentations or pits. 
Microscopic examination of these pits shows that no material 
has been removed. They are simply plastic indentations pro- 
duced by a mechanical blow. Much can be learned about the 
cavitation process from the study of the sizes of the individual 
pits, the rate at which they are formed, and the location of the 
pitting area with respect to that of the cavitation. Such data 
directly supplement the information obtained through the use of 
high-speed motion pictures of the cavitation zone. 


Wide Adaptability of Test-Plate Technique. Although this 


1 Professor of Hydraulic Engineering, Hydrodynamics Laboratory., 


California Institute of Technology. Mem. ASME. 

2 ‘Laboratory Investigation of the Mechanism of Cavitation,’’ by 
R. T. Knapp and A. Hollander, Trans. ASME, vol. 70, 1948, p. 419. 

3 “Cavitation Mechanics and Its Relation to the Design of Hydrau- 
lic Equipment,”’ by R. T. Knapp, James Clayton Lecture, Proceed- 
ings of The Institution of Mechanical Engineers, series A, vol. 166, 
1952, pp. 150-163. 

* ‘Recent Investigations of the Mechanics of Cavitation and Cavi- 
tation Damage,”” by R. T. Knapp, Trans. ASME, vol. 77, 1955, p. 
1045. 

’ ‘Further Studies of the Mechanics and Damage Potential of 
Fixed Type Cavities,’’ by R. T. Knapp, Proceedings, Symposium on 
Cavitation in Hydrodynamics, National Physical Laboratory, Ted- 
dington, England, September, 1955. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., November 25-30, 1956, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
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technique was first employed simply to delimit the damage area, 
it was soon found that it could be used to obtain much additional 
information. New applications are continually being found. 
For example, this technique already proved useful in studying 
the effect of absolute size on the cavitation characteristics of geo- 
metrically similar guiding surfaces, and in the investigation of the 
damage characteristics of different types of cavitation. One of 
the most promising uses of this technique is to measure the 
cavitation intensity. This particular use is made possible not 
only by the character of the record left on the surface (plastic de- 
formation with no material removed), but also by the fact that 
fully annealed, commercially pure aluminum (Type 2S-O) has 
reproducible hardness characteristics that are little affected by 
the size and shape of the piece, or by any forming, machining, 
or finishing processes that take place prior to annealing. Fur- 
thermore, the plastic deformation resulting from the application of 
a given load is relatively unaffected by the rate of application 
of the load. Another advantage of this particular material is 
that the force required to produce a plastic deformation is con- 
siderably lower than that required to exceed the elastic limit of 
any of the metals normally used in the construction of hydrau_ic 
equipment. In nearly all cases it is even below the endurance 
limit. Hence all blows of sufficiently high intensity to physi- 
cally damage normal hydraulic equipment will be recorded on the 
aluminum. The pitting record can be evaluated simply by 
counting the pits, either directly by the aid of a low-power micro- 
scope or by the use of low-magnification photomicrographs. 
Knowing the time of exposure, as well as the surface area, the 
pitting rate—pits per second per square inch—can be calculated. 
Experiments have shown that this pitting rate is constant for a 
given velocity, but that it varies extremely rapidly with velocity. 
Several independent sets of measurements indicate that the rate 
increases with at least the sixth power of the velocity. 

Optimum Exposure Time. In the determination of the pitting 
rate, the optimum time of exposure of the test plate to the cavita- 
tion varies with the velocity of flow. The criterion for determin- 
ing the optimum is very simple. It is the time required to obtain 
enough pits per unit of surface to permit easy and accurate count- 
ing, but with a low enough density so that only a negligible num- 
ber of overlapping pits is present to cause confusion. 

Pitting Rate as a Measure of Cavitation Intensity. Soon after 
the investigation of the mechanics of cavitation was well started, 
the author began to feel the need for a quantitative measure of 
intensity of cavitation attack. At that time the neaiest ap- 
proach to such a measure was the rate of removal of material 
per unit of surface area. This is principally employed as a meas- 
ure of resistance to cavitation damage as determined by the 
magnetostriction technique. However, standard, brass test 
specimens are used to check the performance of the magnetostric- 
tion driver, so that, in a sense, the damage rate on these speci- 
mens was a measure of cavitation intensity. Apparently no 
attempt has been made to adapt this weight-loss technique to the 
measurement of cavitation intensity in flow systems. This is 
probably fortunate. At normal flow velocities the weight loss 
per unit time is so low that long test runs would be required to 
obtain significant measurements. Also, it is now apparent that 
the rate of loss of a given material is a function not only of the 
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cavitation intensity, but of the corrosion potential of the particu- 
lar material-liquid system as well. The pitting rate recorded 
on the surface of a standard aluminum test specimen apparently 
has none of these disadvantages, since the testing time is short 
and the formation of the pits involves no material removal and 
hence is insensitive to corrosive conditions. Therefore, the 
author has proposed this pitting rate as a rough measure of 
cavitation intensity. 

Laboratory Versus Field Intensities. One of the problems that 
stimulated the proposal to use pitting rate to measure cavitation 
intensity concerns the relationship between the intensities ex- 
perienced in the laboratory and in the field. In this connection, 
some of the pitting-rate studies carried out in the tunnel were 
very suggestive. For example, experiments with a given guiding 
surface showed that if the velocity were kept constant, the rate 
of pitting per unit of cavitation width (width being measured 
normal to the flow and parallel to the surface) is independent of 
the length of the cavitating area. This is surprising because 
the corollary to this statement is that the rate of pitting per unit 
area decreases as the size of the cavitation zone increases. Again, 
experiments on similar shaped surfaces of varying sizes gave no 
clear indications of appreciable differences in the pitting rates. 
Both of these results imply that the characteristics of the cavita- 
tion attack are determined more by the velocity and the physical 
properties of the flowing liquid than by the size or shape of the 
guiding surface, provided only, of course, that cavitation does 
occur.® 

It must be remembered that these are implications rather than 
conclusions. The possible variations in size and shape of the 
guiding surface that can be investigated in a given water tunnel 
are relatively limited. However, such implications emphasize 
the importance of making comparable measurements in large 
hydraulic machinery operating under standard field conditions. 
Two important questions that arise out of these implications are 
(a) how do the laboratory and field pitting rates compare for the 
same flow velocity, and (b) what are the relative sizes of the pits 
in the two cases? 

Need for Pitting-Rate Measurements in Field. A consideration 
of the possibilities of adapting this method of measuring cavita- 
tion intensity to field testing showed that if it could be carried 
out successfully, it should be able to give answers to these and 
similar important questions that up to this time have defied pre- 
vious observers. Many of the potential advantages of this 
method are related to the short time of testing required to obtain 
a quantitative record. Obviously, hydraulic machines which 
may operate under cavitating conditions are constructed of the 
most cavitation-resistant material that can be justified economi- 
cally. With such materials cavitation damage occurs rather 
slowly so that the rate of damage must be estimated by compar- 


* It is important to make a clear distinction between the terms, 
“inception,” ‘‘degree,’’ and ‘“‘intensity’’ of cavitation. Inception 
means the first appearance of a cavitation zone. The flow conditions 
under which inception takes place are determined by the shape of the 
guiding surface, and, in the case of a vane or similar discontinuous 
surface, the angle of attack at which the liquid meets the leading 
edge. At least in the first approximation conditions for inception are 
independent of both size and velocity; that is, they follow the laws of 
geometric and kinematic similarity. 

The degree of cavitation is the length of the cavitating zone along 
the direction of flow. It depends not only on the size and shape of 
the guiding surface, but also upon the amount that the system pres- 
sure is dropped below the value for the inception of cavitation. 
Again, in first approximation, the degree of cavitation obeys the laws 
of geometric and kinematic similarity. 

Intensity of cavitation refers to the intensity of the hydrodynamic 
attack of the liquid on the guiding surface in the zones 01 cavitation. 
Since this is apparently unaffected by either size or shape of the 
guiding surface but is extremely sensitive to the velocity, it obviously 
does not obey the similarity laws. 
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ing observations made at relatively long time intervals. Un- 
fortunately, these intervals are so long that usually they cover 
quite a wide range of operating conditions. Hence, it is dif- 
ficult to be sure whether the damage was taking place all the time 
that the machine was operating or whether the attack was con- 
centrated over a comparatively short time for one particular 
condition of operation. Occasionally, machines of identical de- 
sign, installed under comparable conditions, have been found to 
have quite different rates of cavitation damage. Usually, how- 
ever, in both installations the range of operating conditions has 
been too wide to make it possible to draw any conclusions as to 
the cause of the differences. Such questions should be answer- 
able if a method could be found for determining quickly and 
easily the location and intensity of the cavitation attack. 


PLAN or Tests 


General Requirements. It is one thing to try out a new tech- 
nique in the laboratory and quite another to do it in the field. 
Laboratory equipment exists for the purpose of making experi- 
ments. However, hydroelectric power plants and pumping sta- 
tions are installed to give service, and any experimentation that 
interferes is apt to be looked upon with disapproval. On the 
other hand, the development of a new technique is often a slow, 
tedious process. The fact that it is new means that there is a 
high probability of encountering unforeseen difficulties in putting 
it into operation. Thus many more factors have to be considered 
in planning the development of new techniques in a large field 
installation than are involved if the technique has been perfected 
already. It was felt that the development of this particular 
technique would be feasible only if a field location having the 
following characteristics could be found: 


1 The test should be carried out on a machine known to be 
operating under cavitation conditions. 

2 There must be enough time available in the operating 
schedule for several trials of the technique so as to permit the 
inevitable ‘‘debugging.”’ 

3 It is necessary to have the interest and co-operation of all 
of the personnel associated with the field installation because 
without this there is little possibility of obtaining satisfactory 
results. 

4 The location should be reasonably close to the laboratory, 


All four of these conditions were satisfied at the Bureau of Rec- 
lamation Power House at Parker Dam. Owing to a long series 
of low run-off years, the available flow in the Colorado River was 
below normal. Although this was bad for power generation, it 
offered two advantages to the proposed testing program: 


(a) The turbines are known to cavitate during full-load 
operation when the tailwater is low. 

(b) The river flow was so low that the plant had to be operated 
at part capacity. Hence time was available for the installation 
and test of this new method without causing any loss of generating 
capacity. 


The Parker Dam plant also satisfied admirably the other two 
conditions since everyone concerned with the plant was interested 
in cavitation problems. Furthermore, Parker Dam is only about 
5 hr driving time from the Hydrodynamics Laboratory. 

Description of Test Turbine. The machine made available for 
the test was Unit No. 2, a Francis-type turbine with a rating of 
40,000 hp at 94.7 rpm. The runner has 15 vanes, the case 20 
gates. During the program the operating head was 80 ft, the 
rate of flow approximately 5800 cfs, and the tailwater level was 
from 1 to 3 ft below the discharge edges of the runner vanes. 
It was necessary only to shut the gate and drain the penstock to 
make the entire vane area accessible. 
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Preparations and Plans. The entire program was organized 
to minimize the down time of the turbine and cause the least 
possible interference with plant operation. The general features 
of the proposed plan were to inspect the turbine and select test 
areas on the first visit to the field; preform a series of interchange- 
able test plates in the laboratory to fit each test area; then re- 
turn to the field, install the test plate, and make a series of meas- 
urements. Before the first field trip, several methods of deter- 
mining the contour of the test areas were tried and techniques 
were developed to preform the test plate. After studying the size 
and shape of the runner vanes and passages, it appeared that the 
test plate should be at least '/s in. thick, and that it could be 
fastened directly to the vane without interfering appreciably 
with the flow and cavitation patterns. It was decided to make 
a cast of the vane areas selected for test, then return to the lab- 
oratory, make a replica of the vane surface from this cast, and 
preform the plate to fit the replica. Several techniques of 
making the cast were tried out in the laboratory before the first 
field trip. The most satisfactory results were obtained with 
plaster of paris applied in several layers before setting was com- 
plete until sufficient thickness was built up to give the necessary 
rigidity. It was found that light reinforcing rods could be im- 
bedded in the plaster during the layering process. These greatly 
increased the rigidity and strength of the cast. A suitable release 
agent for use with relatively rough iron surfaces was found to be 
the colorless “light mineral oil” sold in drug stores. With this 
oil the cast adhered tightly to the surface until setting was com- 
plete, after which it could be removed easily. 

First Field Trip. The laboratory crew found upon arrival at 
Parker Dam that the turbine was drained and opened for inspec- 
tion. Two cavitation regions on the runner vanes were found 


suitable for the installation of test plates; namely (a) on the low- 
pressure side of the vane near the discharge edge, and (b) on 


the vane immed ately downstream from the entering edge adja- 
cent to the shroud fillet. Both areas show evidence of moderate 
cavitation pitting. The cause of cavitation at (a) appeared to 
be the vane design. At (b) it seemed to be due to a combination 
of the contour of the leading edge and shroud interference. It 
was decided to install the first test plates in location (b) primarily 
because of accessibility, and secondarily because here the prob- 
lem of fastening the plate and of fairing-in the leading edge could 
be simplified greatly by bending the plate in hairpin form around 
the leading edge, thus insuring a strong mounting and avoiding 
all discontinuities in the flow. Vanes Nos. 6 and 8 were selected 
for test. Measurements showed that these vanes were so similar 
that a single drilling template might suffice for both. Plaster 
casts were made of both vanes, and each cast was marked to 
show the area to be covered by the test plate. 

Construction of Test Plate and Drilling Template. At the labo- 
ratory vane replicas were made from the two plaster casts, using 
a hard, strong material called ‘“Hydrostone.” Some difficulty 
was experienced in finding a suitable release agent, since most 
materials are absorbed too rapidly by plaster of paris. Liquid 
soap was found to be satisfactory. A vane replica and the cast 
from which it was made is seen in Fig. 1. 

The test plates were made from factory-polished 2S-O alumi- 
num sheet. As received, the polished side of this sheet is covered 
with a tough, stripping-type adhesive paper. The plates were 
first bent around the leading edge of the replica, and then finish- 
formed, using a rubber hammer and a rubber protective sheet. 
The test plates were then annealed in an electric oven at 650 F 
for 2 hr. The protective paper was removed carefully before 
heating, and replaced after the annealing process was complete. 
After annealing, hardness is approximately 21 Brinnell. Fig. 2 
is a test plate ready to install on the turbine vane. 

Surface Characteristics of Test Plate. As previously stated, the 


Fic. Prerormep Test 
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aluminum sheet from which the test plates were made was factory- 
polished. This finish is far from ideal for these tests. Examina- 
tion with a low-power microscope shows that it is covered with 
scratches and other imperfections. However, it is comparatively 
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free from blemishes that might be mistaken for cavitation pits. 
Since it is extremely difficult to obtain a satisfactory metallo- 
graphic polish on a material as soft as this aluminum, it was de- 
cided not to try to improve the surface finish for these exploratory 
tests. The test plates were re-examined after forming and an- 
nealing. The area of the sharp bend had been so overstressed 
that the surface had developed a dimpled, “orange peel’’ ap- 
pearance. Since this was not considered to be an area of poten- 
tial cavitation damage, no attempt was made to hand-polish it 
at the risk of spoiling the plate. 

It was decided to fasten the test plate to the vane with four 
1/,-in, 28-thread flathead hexagon socket screws. A drilling jig 
was constructed to fit the test plate, using interchangeable drill- 
ing bushings for the tap and body drills. To make it possible to 
use the same jig to drill both the vane and the test plate, one of 
the latter was used as a spacer when drilling the vane. Fig. 3 
shows the drilling jig both alone and mounted on the vane re- 
plica with spacer in place. 

One step in the water-tunnel technique of using aluminum test 
surfaces is to preselect the area to be evaluated and to make 
photomicrographs of this area before the test. These are used 
as references during the subsequent analysis of the area to deter- 
mine whether given blemishes were present before the test or 
formed during the test. This is simple in the water-tunnel runs 
because the location of the damage zone is known accurately. 
This is not the case in the field tests. Although the test-plate 
location was an area of known cavitation, there was no way of 
estimating just how much and what part of the plate would be 
covered by cavitation at the particular load of the test run. 
Since it is impractical to photograph the entire area even at the 
lowest usable magnification, this step was omitted from the trial 
runs. 


Test PRocEDURES 


When these preparations had been completed, a second trip 
was made to Parker Dam. The objective of this second trip was 
to drill the vanes, install the plates, and make some test runs. 
Although trouble had been anticipated in drilling and tapping 
the vanes, luckily none developed, so it was possible to install the 
two test plates and make the first run in one day. Three addi- 
tional runs were made the second day, thus completing the series 
successfully. It was found that a complete cycle could be made 
in 2'/, to 3 hr. This included shutting down the unit, closing 
the penstock gates, draining the penstock and case, mounting 
the test plates, closing and filling the unit, raising the gate, bring- 
ing the unit up to synchronism, loading, making a test run, and 
shutting down the unit. This was very pleasing because it repre- 
sents a minimum interference with plant operation. 

The schedule of test runs is given in Table 1. 


TABLE 1 SCHEDULE OF RUNS 
Run Test Plate Duration, 
no. Vane6 Vane 8 Load min 
1 6A 8E Full 5 
2 6B 8F 0 10 
3 6B 8F Full 10 
4 6C 8D Full 20 


Objective of Run No. 2. Runs Nos. 1, 3, and 4 were normal test 
runs. No. 2 was a check run to determine if any detectable 
cavitation occurred during the starting, stopping, synchronizing, 
and running of the unit at “no load.” Approximately 5 min were 
required to bring a unit up to speed and synchronize it at no 
load. Another 5 min were taken to bring the machine to rest 
from the loaded or unloaded condition. The time required to 
apply the load was approximately '/2 min. Observations made 
of the wicket-gate-control-piston movement showed that the first 
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audible indication of cavitation occurred at approximately 80 
per cent of full-load gate opening. This implies that the test 
plate is subject to cavitation attack only while the unit is run- 
ning at full load. However, since the time of starting, stopping, 
and applying the load is comparable to the full-load running 
time, it seemed better to get some direct evidence in this mat- 
ter. The procedure for run No. 2 was identical with that of the 
other runs except that after the machine was synchronized with 
the line it was run under no-load conditions for 10 min, and 
then shut down for inspection. A careful examination of both 
sides of each plate was made, especially in the critical damage 
areas found on the test plates of run No. 1. A relatively high- 
power hand magnifier and extension light were used. No signs 
of pitting were found. Hence it may be concluded that the pits 
on the test plates of runs Nos. 1, 3, and 4 were all formed during 
the full-load operation. 

Since no pitting occurred during run No. 2, the test plates 6B 
and 8F were left undisturbed on their respective vanes, and run 
No. 3 was started immediately. 

Subsequent Treatment of Test Plates. Experience with 28-O 
aluminum in the water tunnel indicated that, after exposure to 
cavitation attack, this material has a tendency to surface cor- 
rosion. The test plates were therefore removed from the vanes 
as soon as the turbine could be shut down, carefully rinsed with 
distilled water and oven-dried to remove all moisture. After 
cooling, they were wrapped in abrasive-free paper to prevent 
damage, and taken to the laboratory to be photomicrographed. 

Provisions for Future Tests. The only alterations of the tur- 
bine that were required for these tests were the four !/,-in. tapped 
holes drilled in each vane. It is planned to weld these full at the 
completion of the work. Since additional tests on this unit are 
contemplated within the year, flush plugs were cut from a threaded 
stainless-steel rod to fit each hole and a slot made in one end for 
a screwdriver. These were lubricated with pipe dope and set 
snugly. This technique seemed advisable since the holes are ad- 
jacent to cavitating areas, and thus, if left open, might focus the 
cavitation attack and not only destroy their future usefulness, 
but also increase the damage rate. 


Test RESULTS 


Behavior of Test Plates. Although the test plates had been 
fitted carefully to the contour of the vanes, at the end of each 
run they were found to be bowed out on the low-pressure side. 
The fit on the high-pressure side was unchanged. The maximum 
amount of this bowing was approximately */, in, This is ob- 
viously enough to change the local effective curvature of the 
vane. It is probable that the effect of this change was to reduce 
the degree of cavitation upstream from the point of maximum 
bowing, and to increase it downstream from this point. It is 
believed that the over-all effect was to shift the area of cavita- 
tion damage slightly downstream and perhaps change its size. 
However, judging from the water-tunnel results, the total 
number of pits per unit width of a cavity should not be affected. 
Obviously, this bowing is undesirable and should be eliminated, 
probably by installing additional ‘“hold-down”’ screws before 
further tests are made. However, it seems unlikely that its ef- 
fects could have been great enough to cause any significant change 
in the over-all character of the results or to alter the conclusions 
that have been drawn from them. 

Pitting Zones. All tests plates from one vane showed con- 
sistent performance. However, an appreciable difference was 
observed between the pitting record from the different vanes. The 
test plates from vane No. 6 showed fairly heavy pitting on the low- 
pressure side; only slight traces of pitting were found on the 
high-pressure side. On vane No. 8 the pitting was quite light on 
the low-pressure side; whereas on the high-pressure side it was 
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noticeably heavier. Of course, both vanes have the same design 
shape. The difference in performance must therefore be due to 
variations in shape introduced during manufacture. During the 
initial inspection, noticeable variations in the shape of the en- 
tering edges were observed near the shroud. One reason for 
selecting vanes Nos. 6 and 8 was that they appeared to be more 
similar in shape than many of the others. Apparently, the re- 
maining differences were sufficient to cause the shift in pitting 
pattern. The fact that some pitting was observed on both sides 
of each vane implies that at full load the inlet angle of the water 
is nearly equal to the design angle. It also implies that the 
curvature of the edge is a little too abrupt for best cavitation per- 
formance. 

Size of Pits. First the test plates were examined visually 
under the microscope. The pitting zones appeared quite similar 
to those produced in the water tunnel. Photographs were then 
taken of selected areas, and pit counts made using the same four 
classifications of pit size as those employed in the water-tunnel 
tests: 


Extra 
large 
Above 
0.010 


Small 


Below 
0.0025 


Medium 


0.0025 to 
0.005 


Large 
0.005 to 
0.010 


Pit classification 


Diameter range, in.. 


This classification proved to be adequate. However, it soon be- 
came apparent that the size distribution was significantly dif- 
ferent in that the relative number of pits falling into the three 
larger classes was higher. 

The water-tunnel results had indicated that the relative num- 
ber of large pits increased with increase in velocity. Although the 
relative velocity of the flow with respect to the vane could not 
be measured during the turbine tests, a rough estimate of 60 
fps was made for this velocity on the basis of the flow rate and 
the linear and angular dimensions of the machine. The water- 
tunnel tests at 60 fps produced no pits in the three upper size 
groups. At 100 fps, 5 per cent of the pits fell in this size range. 
In the turbine runs the average of the pit counts on the three 
test plates of vane No. 6 showed 20 per cent of the pits in the 
three upper size groups. Furthermore, one fourth of these, or 
5 per cent of the total, were in the extra large classification. 

Pitting Rate. These pits are smooth, round indentations. 
It is always difficult to obtain satisfactory illumination to make 
such details stand out clearly in a photomicrograph. Thus 
small differences in the angle of incidence of the illumination has 
a great effect on the pitting visibility. By chance, the photo- 
micrographs of the test cylinders from the water tunnel showed 
two symmetrical bands of excellent illumination in which reliable 
pit counts could be made. It proved to be very difficult to get 
equally satisfactory micrographs of the flat turbine test plates, 
chiefly because of the poor surface of the factory-polished alumi- 
num. The micrographs in Fig. 4 compare, at the same magnifi- 
cation, the final result with the best counting area of the labora- 
tory test specimens. Owing to the roughness, counting the 
small pits was slow and difficult. Hence time permitted counts 
only on the low-pressure side of vane No. 6. The same areas 
were counted for runs Nos. 1, 3, and 4, which were, respectively, 
5, 10, and 20-min runs. Duplicate counts were made by two 
observers. The average of the six counts is 5.05 pits per sec per 
sq in., with maximum and minimum counts of 7.24 and 3.21. 

Fig. 5 shows how this pitting rate compares with the water- 
tunnel measurements. In this figure the solid and dashed 
curves show the results of the water tunnel tests. Two experi- 
mental points are plotted for each velocity at which the test was 
made—the cross giving the pitting rate in the zone of maximum 
damage and the circle, the average rate over the entire damage 
area. The triangular points plotted at 60 fps are the field meas- 
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Fie. 5 Comparison or TuRBINE Pittine Rate WarTER- 
Tunnet Test Resuvts 


urements from the turbine tests. In the water tunnel the ex- 
tent of the cavitation zone could be determined accurately by 
direct visual observation. In the field tests it can only be 
assumed that the cavity springs clear near the leading edge of 
the vane. The pit-count area covers only the portion of the 
cavitation zone in which the pit density is relatively high. 
Hence this count is probably more representative of the maxi- 
mum than the average pitting rate. 
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Discussion or Test Resutts 


Test Procedure. These preliminary tests have demonstrated 
the feasibility of this technique for use in studying the cavitation 
characteristics of operating machines. The */s-in. aluminum 
plate is apparently heavy enough to give a satisfactory pitting 
record. The plate must be fastened securely, especially in ex- 
posed locations. The planning of the tests to minimize shut- 
down time worked very satisfactorily. The preforming of the 
test plates and the use of the drill jig were major factors in 
eliminating excessive down time. 

Relative Significance of the Pitting Record. These results were 
obtained in one short series of tests under a single operating 
condition. However, although it would be unwise to base any 
extensive set of generalizations upon them, they have clarified 
several important points: 


1 The soft aluminum test plates, and presumably other 
ductile materials in the same range of hardness, give useful pitting 
records under field-cavitation conditions known to be severe 
enough to cause appreciable damage to the machine. 

2 Adequate pitting records can be obtained with runs of very 
short duration. 

3 The fact that, within the limits of accuracy of the field 
tests, the pitting rate for a given flow velocity is the same in the 
laboratory as it is in the large turbine, tends to confirm the 
previously expressed concept that the pitting rate is primarily a 
function of the flow velocity and the properties of the liquid rather 
than of the physical size of the guiding surface. 

4 Qualitatively, it is not surprising that at the same flow 
velocity the percentage of large pits is much greater in the field 
tests than in the laboratory. Investigations in the water tunnel 
showed that, velocity remaining constant, the relative number of 


larger pits increased with cavity length, while the total rate of 


pitting remained constant. The statement made that in the 
water tunnel no large pits were found at the 60-fps velocity of the 
turbine test, was based on cavity lengths of 1 or 2 in. The 
probable length of the cavity in the field test was 6 to 8 in.; 
thus more large pits would be expected. However, an increase 
from practically nothing to 20 per cent cannot be explained by 
this factor alone. Another possible reason for the number of 
large pits recorded in the turbine tests is that probably there was 
a higher concentration of large nuclei in the turbine flow than in 
the water tunnel, in spite of the fact that Colorado River water 
was used in both cases. The water flowing through the turbine 
at Parker Dam is untreated in any way. It has a relatively 
high sediment content and a high concentration of dissolved 
salt. However, the Metropolitan Water District softens and 
filters the portion of the aqueduct flow that is used for do- 
mestic and industrial purposes in the Los Angeles metropolitan 
area. Hence the nucleus content in the water used to fil! the 
tunnel in Pasadena is much lower than in the original river 
water, and presumably the average size of the remaining nuclei 
is much smaller. Furthermore, it is believed that the continued 
recirculation in the water tunnel, at least a portion of which is 
with cavitation in the working section, tends to reduce the gas- 
nucleus concentration still further. 

5 There is nothing inconsistent in the findings that the pitting 
rate is the same in the tunnel and in the turbine, whereas the per- 
centage of larger pits is much greater in the turbine. In the first 
place, the high-speed motion pictures of cavity surfaces show 
that such surfaces are usually completely covered with small 
traveling cavities. On the average they seem to reach their final 
size near the upstream end of the cavity. However, a few appear 
to continue their growth over a longer path at the expense of the 
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surrounding cavities; i.e., these become smaller. Hence neither 
the number of cavities nor their average size is affected appre- 
ciably by this growth. Thefact that the cavities sir:ounding a 
growing one are probably forced to decrease in size should have 
little or no effect on the pitting rate, since the p: v!)ahilities are 
that these cavities are smaller than the minimum sive that can 
cause damage. The water-tunnel investigations showed that for 
a velocity of 90 fps only about one in 20,000 traveling cavities 
was of the proper size to produce a pit of any kind. 


CONCLUSIONS 


In general, this technique for determining pitting rate seems 
to be as feasible for use in the field as it is in the laboratory. 
Pitting rate is believed to be the most suitable measure yet 
available of the relative intensity of the cavitation attack. 
It is not anticipated that pitting rate alone will furnish a sound 
basis for the prediction of damage rate, because no account is 
taken of the important contributing factor of chemical or electro- 
chemical corrosion. It would seem that a similar measure of 
the corrosion potential should be attainable by chemical tests of 
samples of the liquid and the material of the guiding surface. 
It is not unreasonable to hope that in the future a good predic- 
tion of damage rate may be obtained by combining these two 
measurements. 

The relationship between pitting rate and cavitation intensity 
needs further investigation. Although the concept ‘‘cavitation 
intensity” is not yet clearly defined, it would be desirable to so 
define it that there would be a 1:1 correspondence between in- 
tensity and rate of removal of material from a standard test sur- 
face. It is rather improbable that the simple concept of pitting 
rate will fill this qualification. It seems likely that a moia 
sophisticated measure which takes into account the area or 
volume of the pits formed as well as number per unit of time will 
be necessary. 

These preliminary field investigations should be extended to 
cover a wide variety of conditions, in particular, a wide range of 
the flow velocities in the cavitation regions. These first results 
imply that the pitting rate may be independent of the size or de- 
sign of the equipment, affected only by changes in velocity or in 
physical properties of the liquid. If this should prove to be 
true, it would be an extremely important finding with far-reach- 
ing implications in the design and operation of hydraulic equip- 
ment. 
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Discussion 


S. L. Kerr.?’ The author has made a very interesting con- 
tribution, extending the preliminary work which he did in the 
laboratory on the inception of cavitation to a field comparison 
ona full-scale hydroelectric unit. 

The correlation between laboratory and field of cavitation 
and cavitation erosion has not been well established and any 
step toward this accomplishment is most welcome. 

The author states that the weight-loss technique used in the 
magnetostriction testing has not been applied to flow systems. 
It should be noted, however, that the original work on weight- 
loss technique for establishing the degree of cavitation erosion in 
flow systems was carried out extensively in the 1920’s and 
1930’s; in fact, it was the original laboratory procedure. The 
late Dr. Thoma did work of this type in Munich and there were 
the so-called ‘venturi cavitation stands’ at Massachusetts 
Institute of Technology and also at the Pennsylvania Water 
and Power Company, Holtwood, Pa. The tests made at this 
latter installation were described at length by Mr. Mousson.* 
Much stress was laid on different types of welded materials 
which were used in the repair of eroded runners. 

The time for carrying out these tests by the venturi method 
was quite long, requiring from 60 to 100 hr to secure substantial 
weight losses. This was later reduced to 16 hr for some mate- 
rials, but the power consumption of the pumping units to produce 
flow was still considerable. 

The magnetostriction technique for establishing the relative 
resistance of materials to cavitation erosion was first applied to a 
broad program in 1935 and 1936, as described in a paper by the 
writer.’ This technique largely supplanted the venturi method 
for economic and other reasons. 

The author’s use of a relatively standard material as a ref- 
erence for damage evaluation follows the magnetostriction prac- 
tice. The effect of velocity on damage is of considerable in- 
terest. 

In actual installations, however, there are many other varia- 
bles which affect cavitation, particularly the range of turbine 
operation, the tailwater elevations, and the duration of exposure, 
together with the amount of time a unit is operated at substantial 
overloads or under fluctuating loads. 

One of the very interesting methods of establishing such rela- 
tionships in actual field operation is described in a paper by Kjell 
Rosenberg 

The use of a radioactive isotope (arsenic-As76) permitted the 
measurement of the loss of material due to cavitation when 
running at different loads over substantial periods of time. 
The horizontal units at Vamma Power Plant in Norway were 
tested in this manner by applying a varnish containing the 
radioactive material and measuring the loss in radiation peri- 
odically. 

Radioactive techniques would seem to offer a very excellent 
means of establishing the rate at which cavitation was causing 
damage. The results as shown in the article referred to indicate 
that the rate of loss increases rapidly with the turbine output, 
being about zero at 4000 kw; 13 per cent at 6000 kw; 38 per cent 


7 Consulting Engineer, Flourtown, Pa. Fellow ASME. 

§ “Pitting Resistance of Metals Under Cavitation Conditions,”’ by 
J. M. Mousson, Trans. ASME, vol. 59, 1937, pp. 399-408. 

* ‘Determination of the Relative Resistance to Cavitation Erosion 
by the Vibratory Method,” by S. L. Kerr, Trans. ASME, vol. 59, 
1937, pp. 373-397. 

© ‘Wear of Francis Turbines Due to Cavitation Effects. Studies 
During Operation by Means of Radioisotopes,”” by Kjell Rosenberg, 
World Power Conference, Vienna, Austria, June, 1956. Paper No. 
192 /H /44. 
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at 8000 kw; 60 per cent at 9000 kw; all related to 100 per cent at 
the full gate capacity of 9300 kw. 

It would appear that the same technique could be applied to 
large vertical-shaft units if the instrumentation could be pro- 
vided for in the design of the plant. 

The areas usually affected by cavitation erosion are fairly 
well known from experience for different types of runners or 
else have been established from laboratory testing in the manu- 
facturer’s plant. The intensities, as between laboratory and 
full-scale installation, are indicated in this paper and it is hoped 
that more of this type of information will be available in the 
future. 


JOHN PaRMAKIAN."! Inasmuch as this paper describes a new 
technique for measuring cavitation intensity by means of field 
tests of very short duration, it might be of interest to observe 


11 Head, Technical Engineering Analysis Section, Bureau of 
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Fic. 8 Low-Pressvure Sipe or Vane 6 Durine Repairs 


the nature of the cavitation-damaged area at one of the locations 
used for the test after a long period of operation. Fortunately, 
a pictorial record of the cavitation at Vane 6 on unit No. 2 is 
available at the position referred to in the paper as (6) on the 
vane ‘immediately downstream from the entering edge adjacent 
to the shroud fillet. Fig. 6 is a view of the cavitated area on the 
high-pressure side of the vane, and Fig. 7 shows the cavitated 
area on the low-pressure side of the vane after the initial 3 years 
of continuous operation. At this vane, the cavitation actually 
produced a hole through the vane. A somewhat similar pattern 
of cavitation also was present near the same location at all of 
the other vanes of all of the units. Normally the Bureau of 
Reclamation does not permit the turbine runners to cavitate to 
this degree prior to rewelding with stainless steel. However, 
there was a severe shortage of power in the Southwest during 
the early years of World War II, and it was not convenient to 
shut down any of the units to make the repairs until after this 
unit had operated continuously for about 3 years. Fig. 8 shows 
the low-pressure side of the vane during the repairs. The area 
was first chipped out to solid metal and the hole plugged with 
solid steel. Layers of stainless 18-8 were then welded on until 
the original contour of the runner vane was re-established. It 
should be noted that at large gate openings the wicket gates 
of these units overhang the turbine-runner shroud by 6 to 8 in. 
It is the writer's opinion that the blunt bottom of the wicket gate, 
due to the overhang and the subsequent lack of streamlining of 
the flow, also contributes to the heavy cavitation damage at this 
location. These units have presently been in operation for about 
14 vears. The amount of stainless-steel welding which now has 
to be done annually due to cavitation is relatively small. 


R. 8. Quicx.'?. The author has described a most interesting 
means of confirming that cavitation taking place in the field is 
of the same basic character as in the laboratory. 

As pointed out by the author, field units are seldom available 
for experimental use, so the manufacturer has to locate the area 
subject to cavitation by laboratory tests, or long-range observa- 
tion and field experience, in order to determine, in advance, what 
surfaces of new equipment should be protecied with special cavi- 
tation resisting materials. 

Would it not be possible to develop a coating which could be 
applied readily to a model surface and which, after a reasonably 
short period of test, would indicate, by a change in appearance, 


12 Consulting Engineer, Baldwin-Lima-Hamilton Corporation, 
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where the regions of local cavitation were located? Some paints 
have shown promise in model and field testing but, to the best 
of the writer’s knowledge, have not been standardized to a point 
where they could be offered for general use. Red-lead primer 
will show evidence of cavitation environment after a short period 
of operation. Tests of such materials could be made advan- 
tageously under laboratory conditions where the degree of cavi- 
tation could be observed and controlled. More information 
on this subject would be welcome. 


W. J. RuemGans.'? The new technique developed by the 
author for measuring the intensity of the cavitation attack is 
another big step forward in the solution of the problems associ- 
ated with cavitation damage. The work described is just a 
beginning, but indicates the possibility of doing extensive field 
research work on cavitation characteristics. 

Someé specific comments on the paper are as follows: 

The author uses a figure of 60 fps for the velocity in the field 
at the point of measurement and states that this is based upon 
the flow rate and the linear and angular dimensions of the machine. 
As a matter of fact, the velocity at the point of field measurement 
is somewhat greater than the average velocity based on his method 
of calculation; thus, instead of being 60 fps, it was probably 
closer to 65 fps. This is in the direction of a better agreement 
between the field and laboratory results. 

The variation in pitting between the high and low-pressure 
sides of the runner blades indicates that the cavitation may 
originate from overhanging wicket gates. There have been 
several cases of pitting on propeller turbines (with no outer band 
or shroud ring on the runner) where pitting occurred on the station- 
ary ring in spots corresponding to the number of wicket gates. 
This pitting occurred several feet below the wicket gates, but 
owing to location and number of pitting spots they could only 
be attributed to cavitation originating at overhanging wicket 
gates. 

The four most important facts established by the author’s 
tests and previous experiments along the same lines are as 
follows: 


1 After cavitation starts, intensity of cavitation attack is not 
dependent upon size or shape of guiding surface. 

2 Intensity of cavitation depends upon velocity and varies 
approximately as the sixth power. 

3 Rate of pitting per unit of cavitation width is independent 
of length of cavitating area. 

4 That there is a close correlation between laboratory and 
field pitting rates for similar velocities. 


The success of this work in the field suggests a large number 
of additional tests. One of the first of these, which would be a 
simple continuation of the tests already made, would be to make 
a test run for various gate openings on the Parker unit. The 
author made a test at zero load showing no cavitation attack and 
a test at full load showing pitting. Further tests at other gate 
openings would show the load at which the cavitation attack 
starts and also might produce other interesting information. 

Tests under various conditions of tailwater, net head, and at 
various locations in the turbine would also be of great interest. 

The hydraulic-turbine industry would be missing a golden 
opportunity if the technique described were not used for continu- 
ing field research and experimentation. 

The author should be congratulated upon having originated 
the idea of this technique and upon carrying it to a successful 
conclusion. 


18 Manager, Hydraulic Department, Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis) Mem. ASME. 
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A. J. Srepanorr'* anp H. A. Sranu.'® The author is well 
known for his many fine contributions on the subject of cavitation. 
His investigations of the cavitation process have kept the subject 
extremely active and one is greatly indebted, therefore, for his 
efforts to present the latest attainments relating to cavitation 
intensity. 

In this paper the author presents some thought-provoking 
ideas and it appears to be a step toward linking laboratory tech- 
nique to field conditions. He makes no sweeping conclusions 
but, rather, sets forth certain implications derived from a single 
field test. It is in this same vein that the discussers present some 
of their thoughts as inspired by the paper. None of their views 
contradicts those of the author but, rather, presents a different 
point of view. 

The author is to be congratulated on the technique used to 
obtain a record of the cavitation effects on a metal test strip 
attached to a cavitating member of a hydraulic machine under 
actual operating conditions. The fact that such a record can 
be obtained in a test of only a few minutes’ duration is of extreme 
interest. On the other hand, however, the advantages of a short 
test may be far outweighed, in many cases, by the time of prepa- 
ration and waiting for an opportunity to shut down the plant 

It is suggested in the paper that the record thus obtained would 
be indicative of the “intensity of cavitation,’ the term not com- 
pletely defined yet. Whether this intensity of cavitation will 
be a measure of all the bad effects of cavitation, namely, noise, 
vibration, damage to performance characteristics, and blade 
pitting, the paper does not state. Noise, vibration, and damage 
to head-capacity performance can be ascertained on the shop 
test of the machine and means of measuring these bad effects of 
cavitation are available. Usually, all the foregoing effects appear 
together—but any one of these, noise, for instance, is a sufficient 
cause for rejection of centrifugal pumps. Also, there is a wealth 
of test information on record giving the relative resistance of 
different materials to cavitation pitting. Even when and if 
the term cavitation intensity is clearly defined, and better 
means of measuring it are developed, its practical application 
may yet have to be demonstrated. Perhaps this will come with 
time. 

In the method of recording the mechanical effects of cavitation 
as described in this paper, there are a number of factors which 
were taken for granted prior to the actual testing. The machine 
was known to cavitate, the location of the place where most of 
the cavitation damage was expected was definitely known, and it 
was known that the unit operates through a wide range of the 
performance curve. This latter condition cannot be changed 
even if it is ascertained that most of cavitation does occur when 
the machine operates far from the rated point. It would seem 
that the method described will not help to locate easily the 
places subject to cavitation. 

The term cavitation intensity invites further comment. It 
will be noticed that all phenomena in the nature to produce a 
measurable effect involve a transfer of mass and energy. In 
fluid machines fluids are used as carriers of energy. To produce 
any effect there must be a ‘driving force’’ or “‘potential’’ which 
causes the effect to appear. The measured effect depends upon 
the mass involved and is usually expressed as a product of the 
potential and the rate of transfer of the energy or mass. The 
cavitation effects, i.e., noise, vibration, damage to performance, and 
loss of metal, also depend on two factors; one representing poten- 
tial, and the other representing the ‘volume of cavitation,” 
or size of the machine. From the paper one gets the impression 
that the author’s term cavitation intensity is intended to unite 

14 Development Engineer, Cameron Engineering Department, 
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both of the factors; i.e., potential and rate of producing the bad 
effects of cavitation. The writers cannot clarify the author's 
concept of cavitation intensity. In the writers’ opinion, cavita- 
tion in a hydraulic machine is caused by the local pressure drop 
below that corresponding to the saturation pressure at the exist- 
ing liquid temperature. The resulting thermal unbalance causes 
liquid to vaporize. Thus the deficiency in NPSH or excess 
temperature of the liquid is the potential causing the appearance 
of cavitation. The effect of the volume of cavitation can be 
seen from the fact that large machines (say, centrifugal pump) 
would produce considerable noise and vibration while a small one, 
operating under the same head and the same velocities, would 
have no objectionable cavitation effects. 

Nothing is mentioned in the paper about the pressures, or 
submergence under which the test tunnel and the water turbine 
were operated. The discussers differ from the author on the 
meaning of the velocity in producing cavitation phenomena. 
To them, increased velocity is only one means to reduce the 
absolute pressure at the cavitation zone to the saturation pres- 


sure at the prevailing temperature. Provided that the absolute 


pressure is low enough, cavitation effects at low relative velocities 


may exceed those at higher velocities. While the author's 
presentation of the subject of cavitation leans heavily on the dy- 
namic side of the phenomenon, certain aspects of cavitation are 
easier to visualize and better to define in terms of thermodynamic 
side of the process. For instance, “incipient cavitation’? condi- 
tions exist when the pressure in the cavitating zone becomes equal 
to the saturation pressure of liquid at the prevailing temperature. 

For the same dynamic conditions, cavitation effects are governed 
by the thermodynamic properties of the liquid. Furthermore, 
under the same dynamic conditions, (homologous machines under 
the same head) the “‘degree”’ of cavitation depends upon the time 
it takes for the liquid to pass the cavitation zone; thus in a larger 
machine the degree of cavitation is greater as the path is longer. 
There is experimental evidence to this effect. 

Among other things, the tests described in the paper aim to 
establish a basis for a comparison of cavitation conditions for 
two geometrically dissimilar systems. A theoretical justifica- 
tion for such a procedure is not available yet. The experimental 
evidence presented in the paper is not sufficient to indicate the 
type of problems to which this method may be applied profitably. 
It may be pointed out at the same time that experimental evi- 
dence is accumulating to show that, for systems geometrically and 
dynamically similar, deviations from the Thoma’s law (sigma is 
constant) appear due to effects of time and physical properties 
of the liquid. 

In his footnote 6, the author connects the intensity of cavita- 
tion with the “intensity of the hydrodynamic attack’’ of the 
liquid on the guiding surface in the zone of cavitation. Could 
not then intensity of cavitation be measured by the pressure on 
the vanes developed by the processof the vapor bubbles collapsing? 
Such pressures have been measured by several investigators, the 
results showing a great variation of such pressures. It is believed 
that the destructive effect of the bubble collapse depends on the 
absolute pressure of the system. 

In their experience with centrifugal pumps the discussers have 
found it necessary to distinguish between two types of cavitation. 
The first occurs when the flow is approaching the impeller vanes 
with zero angle of attack, and the pump is operating at the design 
point. A slight variation of NPSH from that corresponding to 
incipient cavitation is sufficient to produce or suppress cavitation 
under such conditions. With a small deficiency in NPSH the 
vapor pressure is established across the whole impeller channel 
and the pump head-capacity curve drops off abruptly. 

In the second type, cavitation appears as a result of ‘‘separation 
of flow resulting from a bad angle of attack, as occurs at partial 
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capacities in centrifugal pumps operating with ample NPSH to 
develop the normal head-capacity characteristics. In this the 
cavity is confined to a relatively small part of the impeller 
channel. Asa result, although noise, vibration, and metal pitting 
appear, the head-capacity-curve continuity is not disrupted. 
The cavitation due to separation does not respond to small 
NPSH changes, the velocity and angle of attack being predomi- 
nant factors. However, a change in inlet-vane angle is an effec- 
tive means of reducing or eliminating cavitation caused by separa- 
tion. 

Thus, to have dynamically similar cavitation conditions, it is 
necessary that two pumps operate at the same specific speed on the 
head-capacity curves. When making cavitation observations 
in the case of geometrically dissimilar systems it is not clear what 
basis should be used for comparison of cavitation effects. It is 
felt that a constant velocity certainly is not a sufficient criterion 
for this purpose. It would be instructive to run the tests simi- 
lar to those described in the paper under different pressures on 
the system. 


E. B. Srrowcer." Professor Knapp’s new technique appears 
to promise good results in determining the intensity of cavita- 
tion attack in hydraulic turbine runners. It makes use of proto- 
type conditions and therefore should prove dependable in deter- 
mining potential trouble spots of pitting on a runner. It does 
not, however, answer the question of what metal to use to best 
withstand the attack. For this the laboratory test should be 
useful. Its principal use would be to determine where cavita- 
tion might be expected to occur, for the purpose of improving 
the design or determining where to apply a protective coat of 
material more resistant to pitting than the parent material. 

The present cavitation guarantees made by the manufacturer 
are not very satisfactory from the users’ point of view. The 
runner is normally guaranteed against excessive pitting for one 
year from the date the unit is placed in service provided the tail- 
water level is not more than a stated distance below the center- 
line of the distributor. Excessive pitting is defined as the removal 
from the runner of metal aggregating more than a stated number 
of pounds. The number of pounds stated is usually much larger 
than would be satisfactory from the users’ point of view. 

Having determined by Professor Knapp’s method that there 
are areas of high intensity of cavitation attack on a particular 
runner installation, the setting being fixed, about the only thing 
that can be done to obviate pitting is to see that the areas so 
determined are covered with material of high pitting resistance. 
This knowledge will be useful to the manufacturer in indicating 
how to improve conditions on the next job where this particular 
runner is used, i.e. by modifying the bucket shape and/or lower- 
ing the setting of the unit. 


AvuTuHor’s CLOSURE 


One characteristic of a complicated physical phenomenon is 
that it can be studied from several points of view, all realistic 
and productive of factual information. Consequently, investi- 
gators who study different aspects of the same phenomenon tend 
to analyze its characteristics from their own viewpoints and to 
overlook equally sound approaches. When two such individuals 
discuss their conclusions with each other, it often develops that 
while they feel that they are considering the same features, ac- 
tually they are talking about different aspects of the phenomenon. 
This seems to be the situation with regard to Mr. Kerr’s discus- 
sion of the author’s paper. 

It appears that the author has failed to make clear to Mr. Kerr 
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that the entire paper is concerned with field measurements of the 
intensity of the hydrodynamic attack, not with the relative re- 
sistance of various materials to cavitation damage. It is cer- 
tainly true that flow systems have been used repeate ily to study 
relative resistance of materials. The author saw such a system 
demonstrated by Professor Féttinger in Berlin in 1929. In one 
experiment he removed an appreciable amount of glass from the 
wall of a venturi section by the action of cavitation, thereby con- 
vincing the author that cavitation damage could occur without 
any chemical action. However, such flow systems have been 
used primarily to compare the relative cavitation resistance of 
different materials under carefully standardized flow conditions. 
There is little evidence of quantitative study of the intensity of 
the hydrodynamic attack of cavitation as a function of velocity 
or of using as a measure of intensity, the weight loss from speci- 
mens of a single, carefully standardized material. 

Mr. Kerr states that ‘‘the author’s use of a relatively standard 
material as a reference for damage evaluation follows the mag- 
netostriction procedure.’’ The author wishes to emphasize once 
more that no attempt was made to evaluate damage, and that, 
unlike magnetostriction tests, no material was removed from the 
test specimens. The pits on the aluminum surface were plastic 
indentations only. 

Mr. Kerr feels that many variables affect cavitation [damage] 
in addition to velocity, such as range of operation, tailwater 
elevation, duration of operation. This is quite true, but also 
quite irrelevant to the paper. The author’s experiments seem 
to indicate quite clearly that, for a given machine, whenever 
cavitation occurs the cavitation intensity is primarily a function 
of velocity. 

Mr. Kerr refers to an interesting technique recently developed 
by Rosenberg and Hafland” for the study of cavitation damage 
in turbines. He states that it is useful in establishing the effect 
of factors other than velocity on the cavitation damage rate. 
Previous to the arrival of Mr. Kerr’s discussion the author re- 
ceived a letter from W. J. Rheingans with a copy of Rosenberg’s 
paper. Mr. Rheingans commented as follows: ‘In Fig. 3 he 
(Rosenberg] has plotted the wear of materials, as determined 
by the radioactive paint, against the turbine load. We have de- 
termined the turbine discharge for these various loads and plotted 
the discharge against the wear. This has indicated that the 
wear is somewhere between the 5.4 and the 7.3 power of the dis- 
charge. The discharge is a fairly close measure of the relative 
velocity between the water and the guiding surfaces of the runner 
where the radioactive paint was applied. Thus, these pits 
seem to be a remarkable check on your [the author’s] experimen- 
tal data indicating that the intensity of cavitation varies as the 
sixth power of the velocity.’’** Rosenberg, in discussing his own 
results, states that undaubtedly the rate of loss of the radioactive 
paint measures the cavitation intensity, and concludes that 
“probably [it] also gives a true picture of the relative loss of 
steel from the runner.’’ He goes on to say that more experimental 
study in suitable apparatus would be necessary to demonstrate 
whether or not this assumption is correct. The author’s con- 
clusion is that Rosenberg’s technique and the one proposed in the 
present paper basically measure the same characteristics, i.e., 
the relative intensity of cavitation. They have many similarities 
and a few differences. The radioactive paint has the advantage 
of ease of application, but there is doubt as to the reproducibility 
of its resistance to cavitation between different batches of the 
paint applied to surfaces of different textures. The techniques 
have one failing in common: They measure relative intensity 
only. 

Mr. Rosenberg feels all cavitation probably has high enough 
intensity to damage structural materials. On the other hand, 
the author feels that it has been demonstrated that the minimum 
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cavitation intensity at which damage begins varies widely with 
different material, and probably these limits are all above the 
intensities at which both of these proposed techniques give posi- 
tive readings. 

The author thanks Mr. Parmakian for supplying valuable addi- 
tional information about the cavitation history of the turbine 
used in the experiments. This is a good example of the value of 
keeping adequate performance records. The Bureau of Reclama- 
tion is to be complimented upon this practice. The author agrees 
with Mr. Parmakian that in these tests the cavitation probably 
originated on the squared bottom end of the overhanging wicket 
gates and collapsed on the leading edges of the runner vanes, 
thus producing damage in a location that otherwise would have 
been cavitation-free. 

Mr. Quick asks about the possibility of developing a coating to 
be applied either to a model or to a field machine to locate all the 
local cavitation regions for various conditions of operation. In 
the author’s opinion, such a procedure would be more useful for 
field testing. In the laboratory it should be as easy, as well as 
more informative, to construct the model so that all cavitation- 
susceptible surfaces could be inspected visually, using stroboscopic 
or photographic techniques, to determine directly the size and 
shape of the cavitating regions. It is impractical to do this in 
the field; hence a diagnostic coating would be valuable. The 
author has had no experience with such coatings and hesitates to 
comment on the possibility of standardizing such a technique. 
He feels, however, that the best chances for success would be to 
use such a coating to define the area of the cavitation attack and 
to use independent methods for determining the intensity. 

Mr. Rheingans in his formal discussion, increases the author’s 
indebtedness to him for his interest in the paper. It is indeed 


rare for an author to have a discusser point out that the agreement 
between sets of experimental results is better than that shown in 


the paper! If, in accordance with Mr. Rheingans’ suggestion, 
the three turbine test points (the triangles in Fig. 5) are shifted 
to the 65 fps line, they will straddle the laboratory curve in the 
maximum damage zone. 

Mr. Rheingans, like Mr. Parmakian, suggests that the cavita- 
tion originated on the wicket gates. He cites as evidence cases 
of pitting on the stationary ring of propeller turbines in spots 
corresponding to the number of wicket gates, although the spots 
occurred several feet below the gates. The author has observed 
such cavitation zones in models of Francis turbines. Using 
stroboscopic illumination, the cavities from the lower end of the 
wicket gates were observed to extend down to the runner, and 
traveling cavities from these zones could be seen to impinge on the 
pressure sides of the runner blades, apparently collapsing there. 

Mr. Rheingans’ four-point summary of the most important 
experimental facts brought to light by the author’s recent re- 
searches on cavitation damage is very clear and concise. It is 
feared that the papers were not as clear as this summary, and 
that the average readers have not been able to give them as much 
consideration as Mr. Rheingans has done. The suggestions 
made for additional tests are welcome. It is planned to extend 
the tests in these directions as soon as possible. It may be 
feasible to amplify the technique to include acoustic equipment 
capable of detecting the inception of cavitation. This should re- 
duce the number of aluminum test plate runs needed to deter- 
mine the limits of cavitation-free operation. The author sin- 
cerely hopes that the entire hydraulic machinery industry, in- 
cluding manufacturers and operators, will not only read Mr. 
Rheingans’ next to last paragraph, but will agree with it, because 
such a technique can be developed into a useful tool only with the 
co-operation of the industry. 

Messrs. Stepanoff and Stahl have prepared an interesting and 
extensive discussion. In it they advance some important physi- 
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cal concepts upon which the author will try to comment. In 
general, the author feels that these discussers have assigned a 
broader significance to the results than he had envisaged, so that 
some of the points raised can be answered only by going beyond 
the contents of the paper. 

The discussers are concerned about the meaning of “‘intensity’’ 
of cavitation. An attempt was made to define this in the first 
sentence: “This proposed method of measuring the intensity 
or damage potential ”’ This was intended to mean the po- 
tential of the cavitation attack to cause physical damage, i.e., 
removal of material from the guiding surface. Both “intensity’’ 
and “‘potential’’ imply an amount per unit area rather than over- 
allamount. This concept was used in the section on test results. 
Here the emphasis was on the comparison of laboratory and field 
results of the size distribution of the pits and the measurement of 
pitting rates; i.e., pits per sec per sq in. 

The author is sorry that the discussers received the impression 
that “cavitation intensity’ included both the potential for doing 
damage and the area covered by the cavitation attack. The 
area is not included in the concept of intensity. 

This discussion again emphasizes that there is a demand for a 
technique to delineate cavitation zones in field equipment. This 
is certainly not the objective the author visualized in undertaking 
these tests, nor is he convinced that this technique is suitable for 
such an objective. In undertaking these tests, the author’s 
thoughts were approximately as follows: 


(1) Laboratory investigations of the effect of the cavitation 
attack on standardized soft metal test specimens indicates that 
the attack produces plastic deformation of the surface in the 
form of indentations or pits and that the pitting rate is a logical, 
although rough, measure of the intensity of cavitation. 

(2) Physical reasoning indicates that there should be a rela- 
tionship between intensity of cavitation so measured and the 
removal rate per unit area of a given material. 

(3) Pitting rate measurement shows that the intensity of the 
cavitation varies very rapidly with velocity, i.e., approximately 
as the sixth power. 

(4) These measurements also imply that the pitting rate may 
vary with the physical size of the guiding surface. 

(5) Intensity measurements on field equipment using the same 
type of standardized test specimens should give information about 
the effect of change in size of the guiding surface on the rate of 
pitting and the size and type of pits, ; 

(6) Such a program might bring us a step closer to the goal to 
predicting the cavitation damage characteristics of a given field 
installation from the design flow velocities, the pertinent liquid 
characteristics, the materials of construction, and the location 
and extent of the cavitation areas as determined by properly 
constructed model tests. 


The author and the writers differ fundamentally in their con- 
cepts of the physical nature of cavitation. The author believes 
that the formation and collapse of a cavitation void is primarily 
a hydrodynamic process in which the motion of the liquid is con- 
trolled by the relationship between the applied forces and the 
inertia of the liquid. This process may be complicated by ther- 
modynamic transfer of energy which results from the hydrody- 
namic change. He views boiling, on the other hand, as a ther- 
modynamic process in which a liquid is vaporized by the addition 
of heat. The process is complicated by the resulting motion of 
the liquid induced by the growth of the vapor bubbles. Based 
on the thermodynamic concept of cavitation of the writers, a 
liquid which had no vapor pressure could not cavitate; from the 
hydrodynamic viewpoint, such a liquid is ideal, as the cavitation 
process would occur with full vigor, unaffected by the damping 
due to heat transfer effects. Such cavitation would exhibit all 
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of the major effects observed in real liquids—loss of performance, 
vibration, noise, and damage to the guiding surface. 

In the hydrodynamic concept of cavitation, a cavity forms 
when the liquid ruptures as a result of its inability to withstand 
tension. Some liquids normally have a finite tensile strength; 
practically all liquids have relatively high effective tensile 
strengths when completely free from undissolved gas. Such 
liquids do not cavitate when the pressure drops below the vapor 
pressure. These and similar considerations make it impossible 
for the author to accept either the writers’ concepts of the nature 
of the cavitation process or their definition of incipient cavitation. 
The author prefers the most elementary meaning of inception: 
The beginning, that is, the inception of cavitation, is the develop- 
ment of the first tiny cavity. In clarifying these differences in 
viewpoint, the author has no intention of implying that the ther- 
modynamic properties of the liquid cannot affect the cavitation 
process. Unfortunately, most hydraulic engineers start their 
thinking about hydraulic phenomena with the implicit assump- 
tion that the liquid involved is cold water. Since the vapor pres- 
sure of cold water is very low, the cavitation process is little af- 
fected by the thermodynamics of the liquid. However, in hot 
water and other high vapor pressure liquids, especially those with 
high latent heat, the heat exchange involved in the vaporization 
and condensation of the contents of the cavities can alter signifi- 
cantly the course of the cavitation process and modify its effects 
on performance, noise, damage, etc. Messrs. Stepanoff and 
Stahl have been leaders in pointing out these facts and the pro- 
fession owes them a debt of gratitude. It is hoped that they pur- 
sue their investigations vigorously, since there is much unex- 
plored territory awaiting them. 

Some points raised in the discussion are primarily matters of 
definition, e.g., ““degree.’’ The author agrees that degree refers 
to the size of the cavitation zone and contrasts with intensity. 
However, such terms may be used either in the relative or the 
absolute sense. In discussing model versus prototype perform- 
ance, it is convenient to employ them in the relative sense; thus 
the degree of cavitation would be the same in both machines 
when the same relative area was covered in each. 

In referring to footnote 6 of the paper, the writers inquire as to 
the possibility of measuring intensity of cavitation by determin- 
ing the pressure on the guiding surface. They add that several 
investigators have tried this with widely differing results. The 
author believes it is possible, although very difficult, to measure 
intensity in this manner. A cavitation blow capable of causing 
damage affects a very small area on the guiding surface, and the 
time between blows on the same area is measured in minutes.‘ 
Thus the average pressure on the surface is meaningless since 
the damage is caused by the peaks alone. Many difficulties 
must be overcome in the development of an instrument capable 
of measuring infrequent high pressures of very short durations 
covering only minute areas. The only simple method that 
comes to mind is the pitting record itself. Since the physical 
properties of the test plate are known, the size and shape of the 
individual pit is a measure of the individual blow that caused it. 

The writers state that two types of cavitation are observed in 
pumps—one occurring near the design point, and the other being 
typical of operating conditions well removed from the design 
point. The author believes that both are actually the same type 
and that the observed differences are due to change in pressure 
distribution in the flow, not to differences in the type of cavita- 
tion. The writers state that when operating at the design point, 
a small change in inlet pressure causes cavitation to develop 
across the entire impeller channel, thus seriously affecting the 
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head-capacity curve. Although there is no doubt that cavitation 


- can havea major effect on the head-capacity curve, it is questioned 


whether or not cavitation develops throughout the entire impeller 
passage. Such a condition implies that in this region the vanes 
exert no force on the liquid, otherwise there would be a pressure 
difference across the cross section. Even if such a condition did 
exist at the vane entrance, the cavitation conditions should 
worsen in the downstream direction as the vanes began to change 
the direction of flow. In other words, cavitation would have ap- 
peared earlier in this region and would have been heaviest on the 
low pressure side of the passage. 

In the final paragraph, the writers outline requirements for 
dynamically similar cavitation conditions in different machines 
The author feels that such requirements are irrelevant to the 
subject, that is, cavitation intensity. 
liquids, if cavitation occurs, the intensity is determined primarily 
by the velocity at the free surface of the cavitation zone. This 
velocity depends uniquely on the average velocity in the cross 
section and the cavitation parameter. The relationship is 


For low vapor pressure 


= VK + 


where 


Le velocity along the cavity interface, and 
. average velocity in the cross section 


This is independent of the absolute pressure on the system, thus 
calling attention to one more lack of agreement between the author 
and the discussers. 

The question raised by Mr. Strowger has been partially answered 
in the author’s reply to Messrs. Stepanoff and Stahl. The 
author feels that the intensity of the cavitation attack is one of 
must be made before the 
question of what metal to use in the construction of the machine 
can be answered. The magnetostriction tests of the relative re- 
sistance to different materials employs a standardized cavitation 
intensity. This intensity is high enough to cause measurable 
damage to practically all materials in a relatively short time. It 
is known qualitatively that different materials have different 
thresholds of cavitation intensity below which they do not show 


the essential measurements which 


damage. However, as yet the concept of cavitation intensity has 
been rather vague, with no accepted unit of measurement. The 
technique proposed in the paper offers a rough quantitative meas- 
ure of intensity under existing operating conditions. What is 
still lacking is the determination, using this same scale, of the 
threshold intensities for damage on specific materials, and the 
relationship between intensity and damage rate after this thresh- 
old has been exceeded. It should be possible to correlate the 
measured intensity obtained with these aluminum test plates 
with the standard intensity used in the magnetostriction tests, 
but an expansion of the techniques of these latter tests might 
result in reliable information concerning the damage threshold. 
It is probable that many of the uncertainties Mr. Strowger de- 
scribes would be eliminated if this chain of information could be 
obtained. 

The author wishes to express his appreciation to all of those who 
have discussed his paper, and especially to those who have gone 
to the additional trouble of preparing these written discussions. 
The remarks made have pointed out some of the aspects of the 
paper which were not clear. Furthermore, the preparation of 
the answers to some of the points raised has forced the author to 
clarify his own thinking with regard to some of the more obscure 
aspects of the cavitation process. 
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Progress Report on Standardization 
of the Vibratory-Cavitation Test 


By L. E. ROBINSON,' B. A. HOLMES,? ano W. C. LEITH® 


A description is given of the apparatus required for the 
accelerated testing of materials for relative resistance to 
cavitation damage by the magnetostrictive-vibratory 
method. Tentative standards of test conditions and test 
procedures are defined. 


ance Testing was held in conjunction with the Annual Meet- 

ing of the Society. For the first time, those active in the 
field of cavitation were given the opportunity to discuss exhaus- 
tively the techniques of evaluating material-resistance properties, 
and to exchange views on the problems encountered in the various 
methods of testing. Before the session was ended, there was 
agreement that the vibratory method of accelerated-cavitation 
testing of materials offered more advantages to the investigator 
than any other method. The ease of parameter measurement 
and control inherent to the vibratory method permits a reproduci- 
bility seldom obtained with other techniques. The short test 
time and low cost, compared to other methods, and the compact- 
ness of the apparatus are advantageous. Further, and of greatest 
importance, the vibratory-method, laboratory test results corre- 
late well with the performance of tested materials in the field. 
During the seminar an Ad Hoe Committee was appointed to 
formulate a schedule of standard practices in the use of the vibra- 
tory method. The committee was to determine the minimum 
apparatus required to test materials oy the vibratory method, 
and make tentative specifications of standard test conditions 
and procedures, 


I N NOVEMBER, 1955, the first Seminar on Cavitation Resist- 


GENERAL 


The vibratory method can be practiced with any transducer 
which produces a mechanical vibration of sufficient output energy 


and permits close control of the output-energy level. For practi- 
cal reasons, the particular transducer must produce sufficient 
damage by cavitation attack within a short test period to permit 
evaluation with a small percentage of error. The transducer 
should be capable of a peak-to-peak amplitude of sustained vi- 
bration of 0.004 in. in a test liquid at a frequency of 6500 cps 
+ 100 eps. If the transducer is electromechanical, a power 
supply of approximately 500-watt output is necessary. 

Of the transducers which have been tried or offer possibilities, 
the electromechanical-magnetostrictive type of vibrator is recom- 
mended as possessing the virtues of (1) compactness of apparatus, 
(2) precise control, (3) relatively low initial cost, and (4) economi- 
cal operation. 
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The magnetostrictive-vibratory accelerated test has been 
used by many investigators, and conclusive correlation has been 
established between resistances to cavitation damage determined 
by laboratory test and the performance of tested materials in 
field applications. 

The recommended magnetostrictive transducer is a tube of 
commercially pure Grade-A nickel, 12 in. long, §/s-in. diam with 
a 1/y-in. wall thickness. The tube material is specified as cold- 
drawn and stress-equalized with a hardness of Rockwell 15T 
90-95. This hardness has been found to be the best compromise 
between magnetostriction and physical strength. The nickel 
tube is used in the as-tempered state and must not be ground, 
turned, or polished to size. 

A prepared specimen holder bushing of half-hard brass is 
silver-soldered into the end of the tube with a minimum of heat- 
ing by the brazing torch. The oushing weight should be between 
23.5 and 24.0 grams. An internal 7/;.-20 thread is machined to a 
depth of */, in. in the bushing to mate with the test specimen, 


+TEST PECMEN— 


UG 


Fic. 1 AssemBiy or CavitaTion-TuBe PiuG anp Test SPECIMEN 

The test specimen is machined from the material in a single 
piece weighing 13.25 + 0.25 grams. Its test surface is circular 
and flat, */;-in. diam. The edges of the test surface must be 
square and uniformly sharp without burrs or imperfections. 
The specimen has a '/,-in. shank with a 7/\s-20 thread mating 
with the transducer bushing, Figs. 2 and 3. 

The transducer is suspended vertically with the test specimen 
at the lower end. The means of support is a thin rigid clamp at 
the center of gravity of the loaded tube. The clamp may be of 
neoprene or of metal, Fig. 4. During oscillation the tube must 
not come in contact with other parts of the apparatus except at 
its plane of suspension. 

The loaded transducer can be driven at its resonant frequency 
by various means. A high-voltage electronic power supply may 
be used. The transducer is made a part of a tank circuit which 
is capacitatively tuned to the resonant or natural frequency of 
the transducer assembly. The powerful alternating magnetic 
field required is generated by a 1000-turn driving coil. In 
operation, the transducer may be driven in self-oscillation at 
resonance by controlling the power supplied to the tank circuit 
with a negative feedback from an auxiliary pick-up coil. As an 
alternative, the transducer may be driven by a manually con- 
trolled external audio oscillator which is adjusted to the predeter- 
mined resonant frequency. 

Low-voltage, high-current power applied to a coil of relatively 
few turns also can be used successfully. The driving magnetic 
field can be generated by a commutator switch driven at a con- 
stant speed and designed to produce the resonant frequency. 
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The magnetostrictive characteristic is temperature sensitive. 
The nickel tube must be mairtained at a constant temperature 
well below its curie temperature throughout the test. Since 
the eddy-current losses in the nickel are high, considerable cooling 
is required. Usually, the transducer tube is cooled internally 
by a multiple-jet spray of cold water against the inner wall. 
The coolant removes the heat of electrical losses by gravity flow 
down the tube wall and is removed by vacuum aspiration from 
the bottom of the tube. The cooling system should be designed 
to provide a constant tube temperature and a constant loading 
of the tube with a vibration-damping mass of coolant throughout 
the test. 

The fluid properties of the test liquid must be carefully con- 
trolled if the cavitation intensity is to remain constant through- 
out the test. For a particular liquid, this control may be 
obtained by maintaining a constant liquid temperature. The 
test liquid container is placed in a controlled tempering bath 
which is regulated by a temperature detector immersed in the 
test liquid. With simple apparatus, temperature regulation to 
within a fraction of a degree can be obtained. 

The transducer must be calibrated in vibration amplitude be- 
fore it is used for testing. The calibration is made with optical 
displacement-measuring instruments and a stroboscopic light 
source. During operation, the amplitude of vibration may be 
indicated electrically by strain gages bonded directly to the trans- 
ducer tube or the amplitude may be measured optically. 

The magnetostrictive transducer in vibration acts as a high- 
intensity sound generator, creating a strong sound field in the 
test liquid below the vibrating test specimen. Reflected sound 
waves have a noticeable effect on the intensity of cavitation at 
the test surface. As a result, the choice of the test-liquid con- 
tainer shape and material is a critical factor in accelerated-test 
results. The container should be small enough to permit economi- 
cal renewal of the test-liquid sample, and it should be made of 
glass to allow continual observation of the specimen during the 
test. As a matter of past usage, a thin-walled cylindrical vessel 
of pyrex glass, approximately 3'/,-in. diam and with a flat bottom, 
is recommended. The apparatus is illustrated in Fig. 5. 


TENTATIVE STANDARD CoNnpDITIONS oF TEsT 


Accelerated-cavitation test conditions have been adopted 
from the arbitrary experimental conditions of the first investi- 
gators to use the vibratory method: Hunsaker, Peters, Kerr, and 
Rightmire. 

To standardize the vibratory accelerated cavitation-resistance 
test and make possible the comparison of results obtained by 
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different investigators, we propose that certain conditions of 
test be specified and accepted by the field as tentative standards. 
These conditions include the frequency of vibration, the ampli- 
tude of vibration, type of test liquid, temperature of test liquid, 
atmospheric pressure, depth of submergence, depth of test liquid, 
and the time of test. 

The frequency of vibration is defined to be 6500 + 50 (cps). 
This is approximately the resonant frequency of oscillation of a 
nickel tube 12 in. in length, bearing a mass load of about 37 grams, 
and with the assembly freely suspended at the center of gravity. 
The natural frequency can be adjusted by varying the tube 
length, tube weight, or bushing weight, with the specimen weight 
remaining within the tolerances given. A 12-in. nickel tube 
weighing 108 grams should have a resonant frequency of 6500 
cps within 20 cycles when it is fitted with a 23.5-gram bushing 
and a 13.25-gram specimen and the total length is 12.625 in. 

For still greater precision of frequency adjustment, a specimen 
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bushing may be fitted to a transducer tube longer than 12 in. and 
the natural frequency adjusted to 6500 eps by progressive de- 
creases in the tube length. 

The amplitude of vibration is defined to be 0.00342 + 0.00005 
in., peak to peak. This particular amplitude is admittedly 
arbitrary, but it has been used in the majority of investigations 
since the inception of cavitation-resistance testing by the vibra- 
tory method. A decrease of the amplitude of vibration to 0.030 in. 
only decreases the assayable damage to the test specimen. An 
increase to 0.0035 in. or more does not make amplitude any more 
measurable and tends to decrease the present margin between the 
operating stresses and the fatigue limit of the transducer. 

The test liquid is defined to be fresh distilled water. This 
medium is most readily duplicated and precludes secondary 
corrosion effects. 

The test-liquid temperature is defined to be 76 F + 1 deg F. 

The atmospheric pressure, above the test liquid, is tentatively 
defined to be the prevailing barometric pressure. It is recognized 
that the total hydrostatic pressure involved in the cavitation in- 
dex, applied to the vibratory method, is predominantly the 
pressure of the atmosphere above the test liquid and that varia- 
tions in the atmospheric pressure are accompanied by variations 
in the cavitation attack on the specimen. However, this correla- 
tion has been quantified experimentally and a correction factor 
has been derived by which damage at any given pressure may be 
corrected to damage at a particular pressure. By this means, 
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test results obtained at various barometric pressures can be com- 
pared at a fixed datum level. 

The plane of the test surface of the specimen is to be submerged 
0.125 in. below the quiescent surface of the test liquid. It has 
been found that, with amplitudes of vibration as small as 0.005 
in., at this depth of submergence the oscillating specimen begins 
to draw air from above the liquid surface down the sides of the 
specimen to the cavitating test surface. The air flow is accom- 
panied by a characteristic hissing sound which is quite noticeable. 
However, at the 0.00342-in. amplitude of oscillation, the stream- 
ing of air from the liquid surface to the lower test face of the speci- 
men has not been detected. The practical reason for the slight 
immersion is to keep the interface between the specimen and 
holder bushing as far out of the liquid as possible. 

It is specified that there should be 4.5 in. of test liquid beneath 
the test surface of the specimen. This may be stated otherwise, 
that there should be a distance of 4.5 in. from the sound-generat- 
ing surface to the bottom of the test-liquid container, as measured 
along the extended axis of the transducer tube. 

The definition of this distance as a condition of testing is a 
compromise between the ideal and the practical. Ideally, in 
evaluating the resistance of materials to cavitation damage in- 
dependently of particular geometrics and operational parameters, 
the experimenter would perform the vibratory accelerated test 
in an infinite volume of the test liquid. The nearest approach 
to the ideal probably would be to move the apparatus in a boat 
to the deepest part of one of the Great Lakes, and there carry 
out the desired tests. However, in the laboratory, a small volume 
of test liquid must be contained in a vessel capable of absorbing 
only a part of the intense sound generated by the vibrating speci- 
men. The reflected sound waves cause measurable cavitation 
damage and the geometry of the test-liquid container must be 
kept constant to avoid variations in results. 

Experiment has shown that a test-liquid depth of 4.5 in., or 
approximately one half the wave length of 6.5 ke sound in water 
at 76 F temperature, offers a desirable compromise. With this 
depth, the test results have a small standard deviation. The 
effect of the sound field seems to be least at this depth, apparently 
as a result of the standing wave created in the liquid between 
specimen and container bottom. 

The remaining condition is the duration of the accelerated 
test. This is specified to be 120 min divided into four test in- 
tervals of 30 min each. It is apparent that the specification of a 
test time is arbitrary. However, shorter test times of, say, 90 
min, limit observation of damage sustained by materials of higher 
resistance, while test times of more than 120 min do not especially 
increase the ease of measurement but do increase the test costs. 


Test PROCEDURES 


The conditions of test as specified define the recommended 
parameter adjustments during the actual test. There also should 
be a standardization of procedures in preparing for and perform- 
ing the test. The procedures recommended later have been 
established by experiments with an extensive variety of materials. 

In the past two decades considerable work has been done on 
the effect of the air content of a liquid on the incidence of cavita- 
tion and the cavitation attack on hydraulic materials. Al- 
though the quantization is still a subject of controversy, it seems 
that the air content of a cav ating liquid tends to exert a pas- 
sivating influence on cavitation attack. In the vibratory test, 
a convenient means of stabilizing the air content of the test 
liquid has been to subject the liquid to the intense sound field 
generated by a dummy specimen prior to the timed test. This 
method yields consistently reproducible test results, dependent 
on the length of the pretest treatment. Other investigators, 
variously, have treated the test liquid with pretest boiling, or 
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have ignored the effects of air content. The differences between 
damage measured in the several cases are not extreme and are 
restricted to the first 30-min interval of test. 

However, since the effects are not universally agreed upon, it 
is of advantage to remove the question from the test. As a 
tentative standard procedure, we specify that the test liquid 
be boiled for 15 min prior to the test proper. 

While the test water is being prepared, the specimen must be 
readied for testing. It has been found that cavitation attack 
tends to localize damage at surface imperfections on the face of 
the test specimen. A perceptible scratch within the area of 
most intense attack often becomes a disproportionately large pit 
during the vibratory test. 

It is recognized that it is not possible to bring the test sur- 
face of all types of material to a mirror-polish superfinish. How- 
ever, the test surfaces of different specimens can easily be made 
equal in average finish, thus supplying a common reference level. 

The test surface of the specimen should be polished to a rough- 
ness of approximately 3 microinches root-mean-square, using 
triple-zero (000) emery paper. 

The physical and chemical peculiarities of many materials 
tested by the vibratory method create an error in damage evalua- 
tion. If the test material is uniformly porous, during the test 
the specimen may absorb a considerable amount of the test liquid, 
which is driven deep into the material by the nearly 8000 gravi- 
ties peak acceleration. At the end of the first test interval, such 
a specimen may reveal an actual increase in mass, despite visibly 
extensive damage and material loss. Attempts to remove the 
absorbed liquid by the application of high heat may heighten the 
rate of oxidation of some materials. Removal of the liquid by 
chemical drying or slow heating adds much to the over-all time 
required to complete the resistance test. 

A further effect has been seen in the case of metals which have 
a higher affinity for oxygen. While the specimen is being vi- 
brated in the test, the material may oxidize heavily on surfaces 
and at grain boundaries in contact with the test liquid. If the 
material is somewhat porous, the oxygen gained by chemical 
combination during the test becomes a noticeable factor. 

By experimental trial, a pretest treatment was found by which 
materials could be brought to a condition sufficiently stable that 
spurious physical and chemical effects would not detract from 
the precision of damage measurements. The test specimen is to 
be preoxidized by boiling in a sample of the test liquid for about 
15 min prior to the test. When the specimen is removed from 
the boiling liquid, it should be placed immediately in a second 
sample of cool test liquid and allowed to soak long enough for 
the specimen to return to the ambient temperature. When cool 
the specimen should be removed from the liquid and dried care- 
fully on all exterior surfaces with a lintless tissue wetted with 
CP reagent acetone. As soon as the surface moisture is removed 
the specimen should be weighed and quickly placed in the trans- 
ducer for the test. 

At the end of each 30-min test interval the specimen should be 
removed from the transducer, surface-dried with CP. reagent 
acetone on a lintless tissue, and weighed at once. As soon as it 
is weighed the specimen should be returned to the vibrator and 
the test continued. 

All weight measurements should be made to the nearest 0.1 
milligram. 


SUMMARY 


To summarize: The magnetostrictive type of vibratory 
apparatus, which has a water-cooled centrally supported pure 
nickel tube as a transducer, is recommended by the committee 
for accelerated cavitation-resistance testing. A test specimen 
having a flat circular surface */,-in. diam is suggested. The test 
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liquid should be contained in a cylindrical flat-bottomed pyrex 
glass vessel approximately 3'/,-in. diam and the container placed 
in a thermally regulated heat-exchange bath for control of the 
test-liquid temperature. 

The following test conditions are suggested as 
standards for vibratory, accelerated-cavitation testing: 


tentative 


Test frequency of 6500 + 50 eps. 

Test amplitude of 0.00342 + 0.00005 in. 

Test liquid, fresh distilled water. 

Test liquid temperature of 76 F +1 deg F. 

Test pressure, the prevailing barometric pressure, with the 
test results to be corrected to a reference pressure. 

Submergence of test specimen of 0.125 in 

Test liquid depth of 4.5 in. below the test specimen. 

Test time of 120 min divided into four equal intervals 


The following procedures are suggested as tentative standards 
for vibratory resistance tests: 

The distilled water should be prepared for test by boiling for 
15 min to reduce the air content to a minimum. 

A root-mean-square roughness of three microinches should be 
obtained on the flat circular test surface of the specimen, using 
triple-zero emery paper. 

The specimen should be stabilized in state of oxidation and 
water content by the following sequence: Boil for 15 min in 
distilled water, soak to ambient temperature in distilled water, 
and surface-dry with CP reagent acetone immediately before 
each weighing and testing. 

The specimen should be taken from the vibratory apparatus 
at the end of each 30-min interval of testing, surtace-dried, and 
weighed. All weights should be taken to the nearest '/;> milli 
gram. 


Discussion 


S. L. Kerr.‘ The authors are to be commended for the re- 
markable progress which they made in arriving at a standard 
At the Cavitation 
Seminar, November, 1955, they were designated as a special 


procedure for vibratory-cavitation testing. 


committee to produce such a standard if possible and within one 
vear had completed their task. 

Standardization of the test procedure with the magnetostric- 
tion apparatus for measuring the weight loss of cavitation test 
specimens and thus establishing a relative resistance scale, is 
highly desirable. 

A number of experiments, beginning with those by the writer in 
1935 and 1936,° have established relative resistance scales with 
the weight loss of individual specimens related to each other 
Such 
individual relative seales have been developed from work done in 
Great Britain, France, Germany, Canada, and the United 
States. It is interesting to note that the displacement of any 
given material on any of these individual relative scales has been 
very slight even though there were wide variations in frequencies 


within a given laboratory or within a given program. 


and other factors in the tests. 

With a standardized procedure, however, these individual lab- 
oratory resistance scales can probably be converted into absolute 
resistance scales, thus permitting a more direct comparison be- 
tween different tests in different laboratories. Much of the 
“seatter’’ of points in any series of tests should be eliminated 
with standardization of testing technique. 


4 Consulting Engineer, Flourtown, Pa. Fellow ASME. 

5 ‘Determination of the Relative Resistance to Cavitation Erosion 
by the Vibratory Method,”’ by 8. L. Kerr, Trans. ASME, vol. 59, 
1937, pp. 373-397. 
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It also should be pointed out that the initial resistance of 
materials to cavitation erosion in the first 30 min of operation can 
he explored still further by making measurements at intervals of 
5to10min. This particular factor also may be related to fatigue 


action and could be used for inspection work on prewelded sur- 
faces or special surfaces where heat-treatment is required to 
secure the maximum resistance to cavitation erosion. 

With standard techniques as outlined in this paper, it should be 
possible to correlate the behavior of materials in fluids other than 


distilled water. Further research under varying back-pressure 
conditions may give a clue to the proper sigma value and the in- 
tensity of cavitation pressures. 

The major step, however, is to standardize on technique and 
the authors have done this in a very commendable fashion. 


W. J. Rupincans.* As mentioned by the authors, the ASME 
Cavitation Committee of the Hydraulic Division held a two-day 
Symposium in 1955 on Accelerated Cavitation Testing Machines. 
Practically all engineers who ever were connected with accelerated 
cavitation testing, as well as those who were actively engaged in 
such work at that time were present at the meeting. 

The current paper is a result of the two days of discussion plus 
further research work and amplification by the authors. 

The paper suggests, for the first time, certain standard test con- 
ditions to be used in making accelerated cavitation tests with 
vibratory apparatus, to make possible a direct comparison be- 

® Manager, Hydraulic Department, Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. Mem. ASME. 
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tween tests in various laboratories. It is hoped that these 
standards will be adopted in the interests of uniformity. 

The writer has had considerable experience with accelerated 
cavitation tests in the past 10 years, and would like to emphasize 
that consistent results in any given laboratory can be obtained 
only by adhering rigidly to the test procedures outlined by the 
authors. 

The paper probably would be more complete if the authors 
included the atmospheric correction factor for tests at various 
barometric pressures. 

It also would be interesting to obtain data on test results of 
identical test specimens in several different vibratory test 
machines using the test conditions and procedures outlined by the 
authors. If such a series of tests gave identical results, they 
would indicate the benefits to be derived from adopting the sug- 
gested conditions and procedures. 

The authors are to be congratulated upon having developed 
test procedures and a set of standards which will tend to give not 
only consistent results in a given laboratory but give com- 
parable results in different laboratories. 


Autuors’ CLOSURE 


The authors appreciate the thoughtful remarks of the dis- 
cussers since they have been actively associated with accelerated 
cavitation testing for many years. Due credit should be given 
to Mr. Kerr who, as a consulting engineer, had contributed a 
proposal in 1949 for a co-operative agreement among the three 
industrial research laboratories. 


The author defines the parameters of equivalent per- 
formance for turbocompressors and shows how they may 
be used for correlation of shop and field testing with design 
information. Three classifications of correlation are de- 
fined with different degrees of correlation accuracy. The 
first class includes cases where the correlation error is 
negligibly small, even when the test fluid is different from 
the design fluid. The second class includes cases where 
the correlation accuracy is reasonably good. The third 
class offers no satisfactory correlation conditions. It is 
proposed that similar concepts of correlation be recognized 
by and incorporated into the appropriate Power Test Code 
for turbocompressors. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


D (ft) = linear dimension required in dimensionless 
parameters representing physical scale of 
the machine. For convenience, and in line 
with common usage, D is taken to be the tip 
diameter of the first-stage rotor or impeller 

g (ft/sec?) = gravitational conversion constant 
H ({t-lbr/lbu) = polytropic head of compression (1)? the work 
for loss-free compression in a polytropic 
process; related to the actual work by the 
polytropic efficiency, 


n—1 Pa 


for compression from py, to pg on process 
pu" = const 
exponent in pv* = const for reversible adia- 
batic compression. This is equal to c,/c, 
only for so-called ‘“‘perfect gases.” For 
other gases a value of k can be found which 
expresses the pressure-volume relation with 
acceptable accuracy in the range of interest 
My mND 
V(kgZRT)) 
This is the coefficient that correlates Mach 
numbers and is similar to the forms 
U/V(T;) and N/+/(7;) used in the gas-tur- 
bine literature for the same purpose, but 
usually limited to air 
N (1/sec) = rotational speed, revolutions per second, of 
compressor rotor 


k= 


My = speed coefficient (2, 3); 


1Chief Engineer, Compressor Engineering Department, Harrison 
Division, Worthington Corporation. Mem. ASME. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at a joint 
session with the Power Test Codes Committee at the Annual Meet- 
ing, New York, N. Y., November 25-30, 1956, of Tue AMERICAN 
Socrety oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 


August 13, 1956. Paper No. 56—A-122. 


Equivalent Performance Parameters for 
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r= 


const for polytropic-com- 
pression process (1) 

pressure 

actual volume: flow 


exponent in = 


p (Ibr/ft?) = 
Q (ft?/sec) = 


ft-lbr 
( 


Ry = 


gas constant = 1545/molecular weight 


viscosity coefficient, or machine Reynolds 
aND? 


number (3, 4); Ry = ; dimension- 
less form relating viscous effects to scale and 
speed of machine 

absolute temperature 


T (deg F abs) = 


v (ft?/lbw) = specific volume 
W (ft-lbr/lba) = shaft work per pound of gas, expended on gas 
by compressor rotor or impellers 
Z = supercompressibility factor (6), Z, in py = 
ZRT. Z is determined from data involv- 
ing relations of pressures and temperatures 
to critical values 
4Q 
¢ = flow (orvolume) coefficient (2,3,5)¢ = ———; 
D3 
dimensionless form of flow relating it to 
scale of machine and its speed 
yw = head (or pressure) coefficient (2, 3, 5) Y = 
abr dimensionless form of polytropie 
head relating it to peripheral speed of rotor 
or impellers 
n. = polytropic efficiency of compressor (1) 7 = 


H/W. The definition is limited in applica- 
tion of uncooled machines, or to uncooled 
portions of intercooled machines 

kinematic viscosity of gas. Usually inlet con- 
ditions are used for reference, symbolized 
by 


v (ft?/sec) = 


Z op T 


Subscripts (refer to Fig. 1) 


state function used as measure of rate of 
change of supercompressibility during com- 
pression 


= compressor-inlet condition 

2 = intermediate discharge condition, to intercooler; or com- 
pressor discharge condition for uncooled compressor 
without extraction or injection 

intermediate inlet condition for intercooled compressor 


3 = 
4 = intermediate injection (or extraction) condition 
5 = compressor discharge condition 

t = test condition 

d = design condition 


INTRODUCTION 


In general, turboblowers and compressors are built for a speci- 
fied set or sets of performance conditions and the attainment of 
the specified performance is often checked by carefully conducted 
tests made in the manufacturer’s shop or in the field. 
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Frequently it is not possible to duplicate all of the specified in- 
dependent quantities and a strong need is evident for incorporat- 
ing in the ASME Power Test Code for compressors a suitable 
means for planning tests and correlating data by use of some 
parameters of equivalence. 

This is especially true for blowers and compressors designed for 
use with gases other than air and where shop testing is fre- 
quently limited to testing with air as the fluid. Even more com- 
mon is the problem of correlating test data with design data in 
the field when any of the several independent variables of per- 
formance is not reproduced. 

The purpose of this paper is to show that under certain con- 
ditions, compressor performance data obtained with one test gas 
and set of test conditions may be related to another set of speci- 
fied conditions with either the same or another gas, and with as- 
surance of accurate correlation. 

In other words, the use of a different test gas and other different 
test operating conditions does not necessarily prevent the attain- 
ment of similitude of operation with regard to a specified set of 
operating conditions. 

In the discussion that follows, the term “‘variable”’ refers to a 
single physical quantity; speed, temperature, volume, and so on, 
while the term “parameter” refers to a particular combination of 
variables in dimensionless form such as volume coefficient, 
¢ = 


ConDITIONS OF CORRELATION 


The statement that the performance of a compressor (or any 
turbomachine) is equivalent at two different sets of operating 
conditions is of great significance. Jt means that all geometric, 
kinematic, thermodynamic, aerodynamic, frictional, and parasitic 
phenomena are identical in nature and degree and have the same 
tnterrelations in the two cases. This being so, the dependent parame- 
ters of performance cannot fail to be reproduced. 

The following conditions, which are functions of the independ- 
ent variables, are necessary and sufficient to establish equiva- 
lence of sets of operating conditions for a compressor when the in- 
dividual independent variables differ. The conditions apply to 
the individua! compressor elements, to individual stages, to 
groups of stages and thereby to the whole machite. 

(a) The geometry of the flow must be identical throughout the 
compressor, both in relation to the rotating parts and in relation 
to the stationary parts. This means that velocity ratios and vec- 
tor directions are to be identically reproduced. This includes 
ratios and directions of velocity vectors relative to rotating parts 
as well as stationary elements. In cases where flow is injected or 
removed at intermediate pressure levels, the effects upon flow 
geometry must be reproduced. 

(b) The foregoing condition of geometrical similarity requires 
that gas-volume changes between any two points in the machine 
be in the same ratio for the two cases. When gas is injected or re- 
moved at intermediate-pressure levels, the ratios of volumes of 
the various streams, of course, must be reproduced. 

(c) Also, the conditions (a) and (b) require that the Mach 
numbers of the flow at any and all points be the same respectively 
in the two cases, since volume changes for a given flow system 
depend directly upon Mach-number values (among other things) 
and local velocity phenomena depend upon Mach number. In 

at all points is also required since volume changes depend on all 
three parameters. 


addition to this, however, the duplication of k and 


(d) From the foregoing it is evident that the ratios of pressures 
and temperatures between any two points in the machine also are 
required to be duplicated. This provides additionally that the re- 
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lations between pressure gradients (force fields) and accelerations 
are consistent with an unchanged flow geometry. 

(e) In order to duplicate frictional effects the Reynolds number 
of the flow at any point in the compressor must be duplicated. 

(f) In cases where the compressed gas is cooled either internally 
or externally; by coolers, cooled diaphragms, or liquid injection, 
the heat flows must be controlled to provide identity of tempera- 
ture ratios between significant points as required in item (0). 

If the six conditions cited can be fulfilled when a test point is 
being related to a design-point set of specifications, the test engi- 
neer can be assured that all flow and dynamic phenomena, includ- 
ing windage and leakage effects, have been reproduced. 

Fig. 1 may be used to illustrate these criteria. As an example, 
it represents an intercooled multistage compressor with flow in- 


jection. 


GAS A(R.K) Qs T 
2 3 
Q | Z 23 4 
Vv, 
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H,-2 

ScuemMatic REPRESENTATION OF COMPRESSOR W1TH INTER- 
COOLING AND INTERMEDIATE FEED 


Fig. 1 


In terms of this figure, it can be shown by dimensional analysis 
that the dimensionless groups of variables listed in Table 1 de- 
scribe the conditions of similitude stated in the foregoing. 

From this discussion, it becomes clear that if, during a test, all 
the parameters in the independent group can be made to equal 
their respective values for specified conditions, then the depend- 
ent parameters observed on test are a true measure of the 
performance of the compression for the specified conditions. 

From these dependent parameters we can calculate what the 
performance would have been if all the specified conditions could 
have been met. 

Also since it is intended that these conditions be satisfied, we 
can see that ¢ and My may be calculated using values of Q, /, and 
T at a particular convenient reference, such as the compressor 
inlet. Fulfillment of correlating conditions will guarantee that 
computation of g or My in any other possible manner is re- 
dundant. 


CoRRELATION PROCEDURE 


Let us assume that we wish to test a compressor to determine 
what the actual head-capacity-efficiency curves are for a set of 
design conditions, and to compare them to the expected per- 
formance curves for a particular design speed. We can assume 
that we are testing with a different gas and at a different inlet 
temperature than that for which the compressor was designed, 


oZ 
We calculate the design value of My,, k, Ruy = (<7) , 
T 


For the test to be precisely analogous, all these values must be 
duplicated with the test gas. My, is reproduced for a particular 


Z 
) and k must 
T 


test gas by proper choice of test speed. = 


= 
| 
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TABLE 1 
P Reproduction of numerical value 
Parameter Name produces identity in terms of: 
4 
Volume coefficient Geometry of flow 
«ND 
Mv = TikgZRT)) Speed coefficient Mach number; ratio of elastic 
forces to inertia forces 
Independent | Z \op/7 Supercompressibility factor d Volume rati 
parameters 
Isentropic p-v exponent 
i 
| Ru = Reynolds number Ratio of viscous forces to inertia 
forces 
| Q/Q: Injected flow ratio _ 7 Volumetric and geometric effects 
T:/T\ Intercooler temperature ratio - of cooling one injection (c.f. 
{ Injection temperature ratio ' Fig. 1) 
¥ = VD)? Head coefficient Dynamic effects of compressor 
elements on fluid 
Dependent Q2/Qi, Qs/Qi Volumetric, geometric, thermody- 
parameters \ 72/7), 7s/T: namic effects of compression 


Pay Pi, Ps/ Pi 


be reproduced by choice of the test gas. 2 can be duplicated 
by choice of test gas and its inlet density. Q4/Qi, 74/7), 73/7, 
are reproduced by proper choice of interstage heat-removal rate, 
injection flow rate, and injection temperature. If all these 
adjustments and choice are attainable, variations of flow volume 
and the heads and efficiencies produced will give ¢-Y and ¢g-n 
curves that can be compared directly to the design curves in 
terms of ¢, ¥, for the conditions of the design curve. 

In actual practice all of these conditions are seldom fulfilled 
and various compromises are necessury. The least serious com- 
promise is the relaxation of the condition that the test Reynolds 
number equal the design Reynolds number. Most compressors 
operate well into the turbulent range of Reynolds number and ex- 
perience has shown that compressor performance is only slightly 
affected by fairly sizable changes in Reynolds number (3). The 
effect of this compromise is to relax the condition regarding the 
test-gas density or pressure, within the limits given hereinafter. 


When the values of Al - 
Z\ Op 
test gas and the design gas, the duplications of Mach numbers and 


) or k are different between the 


volume ratios simultaneously are not possible. In these cases, it is 
best to reproduce the volume ratios Q2/Q:, Qs/Qi, and Qs/Q: 
and let the respective Mach numbers, temperature and pressure 
ratios deviate from the design values. The precision of the test 
is related to the deviations of the test 1/,, from its design value 
and in many cases this is an acceptable compromise. 


CLASSES OF CORRELATION 
We may classify the degrees of precision of the various cases as 
follows; using the compressor of Fig. 1 as an example. 


Correlation Class I 


(°”) 

tequirements: kand —|{- are the same respectively for 
Z\Op/r 

the test gas as for the design gas. 

Procedure: From known valuesof the gas constants /? and tem- 
peratures 7’; calculate equivalent speed for testing so that test 
M_, value equals design My, value. Set up Q;/Qi, 75/71, 
and 7/7; to have same values for test points as for points on de- 
sign curve. Take data at constant speed or in other specified 
manner to duplicate design speed performance altering values of 
Qs/Q:, T3/T1, as necessary to conform to design 
values at various points. Calculate ¢, Y, 7 curves for each por- 
tion of compressor from test data. 

Results: At all conditions of testing, design values of volume 
ratios, temperature ratios, Mach numbers are duplicated nearly 


Polytropic efficiency of compressor 
elements, stages, or machine 


exactly with the only error possibly arising from nonduplication of 
Reynolds numbers. (Limits for Reynolds-number deviation are 
given later.) Conditions (a), (6), (ce), (d), and (f) can be satisfied. 
Test curves of ¢, ¥, 7 can be compared to design curves of ¢, W, 
andy. Actual Q, H, 7 curves can be calculated for design gas and 
design speed from test values of g, ¥, 7. Conditions for Class I 
correlation are shown in Fig. 2. 


Correlation Class II 


: p (2 

Requirements: k, = ) are nearly the same respectively 
Z\Op/r 

for the test gas as for the design gas: or over-all design-volume 

ratio is nearly unity. 

Procedure: From known values of the gas constants R, tem- 
peratures 7), k, and Z, calculate equivalent testing speed so that 
over-all test-volume ratio equals over-all design-volume ratio. 
Set up Q;/Qi, Q:/Q; to be equal to values for points on design 
curve. Take data at constant speed or in other specified manner 
to duplicate design-speed performance altering values of Q,/Q:, 
(4/@; as necessary to conform to respective design conditions at 
various points. Calculate g, ¥, 7 curves for each portion of com- 
pressor. 

Results: At all conditions of testing, design values of volume 
ratios are duplicated and gross geometric similitude is preserved. 
Conditions (a) and (6) are satisfied. Mach numbers, pressure 
ratios, temperature ratios are not duplicated. Test curves of ¢, 
y, and 7 are to be compared to design curves. Head coefficients 
and efficiencies correlate with reasonable accuracy, but not ex- 
actly. Reynolds numbers are not duplicated. Ratio of Rr, values 
to be checked for condition of negligible error as shown below. 

The conditions for this class of correlation have been arbitrarily 
determined. It is assumed that sufficiently accurate similitude 
exists for two sets of conditions when, for equal My, values and 
flow coefficients, over-all volume ratios (including supercom- 
pressibility) are unequal by less than 5 per cent. Conditions 
for Class II correlation are shown graphically in Fig. 2 for tests 
with air. 

Correlation Class II 

This includes all cases not included in Classes I and II, as 
shown in Fig. 2. In these areas no satisfactory correlation is pos- 
sible. This case occurs, for example, when air is examined as a 
possible test fluid for a compressor designed for a high M,, value 
and with a gas having a low k-value; or for conditions where the 


value of E ( ) for the design gas is substantially different from 
T 
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CLASS 


VERALL VOLUME RATIO 


x FOR DESIGN GAS 


Fic. 2. Crasses or ComMpRESSOR CORRELATION REFERRED TO AIR 


the value for the test gas. Cases where compressors are cooled by 
liquid injection will usually be found difficult to correlate unless 
the test gas is the same as the design gas. Otherwise they also 
fall into Class ITT. 

Even when the design-gas properties and the test-gas proper- 
ties indicate correlation under Class I or IT, the required test speed 
or power may exceed the capability of the compressor or its driver, 
hence the correlating test may be impossible. These cases fall 
into Class ITI for this reason. 

It is to be noted that the correct test speed corresponding to the 
design speed is seldom, if ever, the same as the design speed when 
the test gas is different from the design gas, or even if the test 
temperature 7; is different from the design temperature 7; 

Examples of pairs of gases with test and design conditions that 
generally fit the various classes of correlation are given in Table 2. 


Limirs oF REYNOLDS-NUMBER VARIATION 


It was stated previously that Reynolds-number discrepancies 
between design and test conditions are frequently of small sig- 
nificance. This is not always the case, however, and Fig. 3 has 
been prepared using the data of reference (3) to indicate the 
maximum range of Reynolds-number ratios for reasonable corre- 
lation. The conditions imposed by these curves are in addition 
to those outlined under Classes I and TT. 


TABLE 2 
CLASS II 


— CLASS III— 
‘est 
gas 
Air 
Air 


Design gas 
F-11 

Or : CHCl 
He ‘ 


Design gas Design gas 


Air 
Air 


CiHe 
Na C:He 
Ch 
co 
Mixtures of di- 
atomic gases 
F-113 
F-12 
Mixtures of 
triatomic 
gases 


Norte: This table is to be used as a guide, since these combinations may 
fall into a higher or lower class depending on the particular service con- 
ditions. 


x 


LimiTS FOR 

NEGLIGIBLE 

CORRECTION 


— 


10 10 10 
(Ry)4 
Limits FOR NEGLIGIBLE REYNOLDS-NUMBER CORRELATION 
(REFERENCE 3) 


It is apparent that if the test gas is the same as the design gas, 
but if the test temperature 7, is different from the design tem- 
perature 7, the correlation is almost always in Class I, An ex- 
ample of this @ase is the correlation of gas-turbine components on 
the basis of U/4/(7; 

Exiimples 

It may be helpful to present numerical examples of two of 
these correlation classes. 

Example 1. Assume we wish to test the performance of an un- 
cooled multistage compressor designed for the following condi- 
tions: 

Gas: Mixture of Nz and Hy having average molecular weight 


Z\ op /r 


15,000 cfm capacity 
20 psia pressure 
120 F temperature 


of 20, k = 1.40, Z = 1.0, 


Inlet conditions: 


Discharge condition: 80 psia pressure 
Design speed: 6000 rpm 

The purpose of the test is to determine the shape of the 6000- 
rpm head-capacity curve, and the 6000-rpm efficiency-capacity 
curve for the design-gas and inlet temperature. The test gas is 
to be atmospheric air at 80 F suction temperature, for which k = 


oZ 
P ( ) = 0, and molecular weight is 29. The 
T 


Z\Op 
are the 
Z \Op/r 
same for the two gases. 


First we calculate the test speed which is to be equivalent to 
For this, we set 


1.40,Z = 1.0, 


correlation falls into Class I because k and 


the given design conditions. 


= (Muda 
(RT;), 

= N 


[53.3 540 
6000 | = 4810 
x 580 


(My, Ne 


RPM, 


TABLE 3 


7000 
9000 
12020 
14000 


111 
x] 
Ah yp | | A 
= 
| 
2 Ly ? 
10 12 13 14 15 le 17 
Fic. 3 
-———CLASS I 
N, 
Q:, T:, T2, pt T: v2 
efm deg R RPM Pp? deg R H Mur 
14.7. 540 4810 62.0 917 54700 0.777 0.0378 8.82 4.22 1.698 0.402 0.553 
14.7 540 4810 61.0 903 53600 0.790 0.0485 8.65 4.15 1.671 0.403 0.553 
14.7 540 4810 58.8 882 51700 0.808 0.0652 8.32 4.00 1.632 0.408 0.553 
14.7 540 4810 55.5 873 49200 0.790 0.0759 7.93 3.77 1.616 0.429 0.553 
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Hence, the air test is to be run at 4810 rpm, and at this speed, 
we assume that the test-point data in Table 3 are obtained. We 
assume a first-stage impeller diameter of 30-in. to be the magni- 
tude of Din ¢ and y. 

We have the basic ¢, y, 9 relationships, which are now con- 
vertible to the conditions of the design data (Table 4). 

The tests show the pressure-volume relation for 6000 rpm with 
the design gas, and that the actual curve passes through the de- 
sign point. Since this is a case falling in Class T, all similitude re- 
lations except Reynolds number are preserved. 

For cases where there is intercooling and/or intermediate in- 
jection or extraction points, each section between such points 
may be considered to be a separate compressor and the tests may 
be correlated as in the foregoing for each section of the whole 
machine. 

Example 2. As an example of a Class IT problem, assume we 
have a two-stage compressor designed for the following conditions: 


Gas: Methane CH,, molecular weight = 16, k = 1.26, 


az 
Z = 0.90, = —0,1 


Inlet conditions: 15,000 cfm capacity 
600 psia 
60 F temperature 
Discharge condition: 800 psia 
Design speed: 5000 rpm 
In order to calculate the test speed for an air test, we must 
calculate the expected over-all volume ratio corresponding to the 


above conditions. If the expected polytropic efficiency 7 is 
0.80, we can calculate an over-all volume ratio as 


(2),- (2) 


0.80 
where n= = 126 = 1.348 
0.26 
v2 600\ _ 
2) = (— = 0.808 
800 


oZ 
and the value of —0.1 for B(% is sufficiently close to zero 
Z\op/r 
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.65 
2.6) j 
24 | 
2 


tL POLYTROPIC EXPONENT 


lo 12 4 6 18 
ISENTROPIC EXPONENT 


Fic. 4 or n, k, and 7 


To check the correlation class, with kg = 1.26 and with »,/o; 
= 0.808, we see that the correlation is definitely within the limit 
of Class II in Fig. 2. We may proceed to determine the test 
speed for air as follows: 


Since 
WM = 2gH/kgZRT, 
kn—1 n—1 
vate?) (2 n —1) 
n t Pr t 
kn—1 
- n a Pr 
and with 


(for air) that the volume calculation has a negligible correction. also 
Fig. 4 has been prepared to express the relations of n, k, and y y 
n (1). For air, the same volume ratio will be produced at the 
same efficiency with a pressure ratio of we have 
1.4 n—1 
1 (My,2) (= k—1) 
(2) = where n = = 1.555 = Pr 
0.80 1 (2 Ui /d (2 i) ( t 
My? 0.123 _ 0.26 
(2) = = 1.397 = 206 
Pi), 0.808 (My,2)4 0.0769 0.40 
TABLE 4 
Ti. Vs Ts 
v ” Q H RPM pr deg R deg R Ti Mu 
0.0378 8.82 0.777 20 85000 6000 20 84.4 580 985 0.402 1.698 0.553 4.22 
.0485 8.65 0.790 11220 83300 6000 20 83.0 580 970 0.403 1.671 0.553 4.15 
0.0652 8.32 0.808 1 80400 6000 20 80.0 580 947 0.408 1.632 0.553 4.00 
0.0759 7.93 0.790 17440 76500 6000 20 75.4 580 938 0.429 1.616 0,553 3.77 


22}—+ 
Wi 
Wy) Wy 
1.6 | ~— 
— 
™ = Nai /G ~ ‘ow | 
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For a reference dimension of 2.5 ft impeller diameter 
5000 mw 2.5 

60 (1.26 X 32.2 X 0.90 XK 95.6 520) 

(My,), = 0.487 X 1.02 = 0.497 


= 0.487 


(Mu,)e = 


If the air-inlet temperature is 80 F 


0.497 X 60 +/(1.4 X 32.2 X 53.3 X 540) 
(RPM) air = = x 


= 4330 


Hence we conduct the air test at 4330 rpm, calculate the data in 
terms of yg, y, and n; then convert these figures using the gas 
properties to the given conditions for the final head-capacity- 
efficiency curves. In this example, the difference between design 


a 


TESTING WITH AIR AT 
80°F SUCTION TEMP 


N1/No 


w 
a 
” 
z 
w 
n 
Ge 


-100 0 +100 +200 


DESIGN INLET TEMPERATURE °F 


Fic.5 Test Speeps ror Various Design Gases WirtH Arr (80 F) 
as Test Fivuip 


and test values of Ry; is sufficient to consider a separate correc- 
tion for Reynolds-number effects according to reference (3). It is 
to be noted that in this case, the speed coefficients are unequal by 
the small amount of 2.0 per cent, even though the k-values for 
the design gas and the test gas are substantially different. 

Fig. 5 has been prepared to illustrate the approximate relations 
of test speeds to design speed for various gases, assuming that it 
is intended to conduct the test with air at inlet temperature of 80 
F. Gases having a Class I or II relationship with air are in- 
cluded. The approximate nature of the curves arises from possi- 
ble variations in k and Z for the various gases when their behavior 
is outside the perfect gas range. 


CONCLUSION 


In conclusion, the paper has presented the parameters of 
equivalence, conditions and classifications of correlation, and 
numerical examples of their use. Limitations of correlation pro- 
cedures are discussed. It is hoped that these concepts can be 
studied by an appropriate group for the purpose of adapting them 
for use in future test codes for gas compressors. 
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Discussion 


W. A. Cuark.* The author has presented an excellent paper on 
equivalent performance parameters. However, the writer would 
like to present some criticism and some additional information on 
this subject. 

To begin with, the whole basis of an equivalent gas test de- 
pends upon the head coefficient ¥, and the compressor efficiency 
7, remaining the same for the design gas and the test gas. The 
paper proposes that if the ratio of the various parameters is kept 
close to unity, then ¥ and 7 will remain the same. However, no 
proof from actual tests has been presented. It is the writer’s 
opinion that proof of this last fact should be established definitely 
by actual test before any recognition by the Power Test Code is 
given. 

The paper barely touches upon water-cooled blowers and right- 
fully so. It is stated that where water cooling is present the heat 
flows must be controlled to provide identity of temperature ratios 
between significant points. From a practical testing standpoint 
this is nearly impossible because of the usual types of internal 
cooling employed, together with the fact that the heat flows de- 
sired must be predetermined. Then, if the blower performance is 
not exactly as designed, the predetermined relative heat flows 
are in error. In a blower with many stages a small heat-flow 
error in the first few stages will become one of large consequence 
in the latter stages. About the only way to obtain the true per- 
formance of a water-cooled blower is to test with the design gas at 
the design-inlet conditions and speed and maintain the design 
cooling conditions. In all cases the cold temperature difference 
between inlet-gas and inlet-water temperatures should be main- 
tained. For most cases this can be accomplished by use of a 
closed-loop test setup. 

One small error in the calculation of Example 2 should be 
pointed out. The ratio of (My:*);/(M.?)¢is in error. This ratio 
actually should be 1.07 instead of 1.04, which shows the speed co- 
efficients unequal by 3.5 per cent instead of 2.0. This will make 
the determined air speed become 4390 rpm in place of the given 
4330 rpm. 

The main item to be pointed out is that the given paper covers 
a very limited number of blowers as far as equivalent air testing is 
concerned. When a design gas is heavier than air it is usually im- 
possible to run a blower on air at a speed in excess of the rated 
speed. On the other hand, a very light gas, hydrogen in par- 
ticular, for which there are many blowers being built today, will 
result in such a large reduction in speed that the power measure- 
ment becomes inaccurate. This in turn requires a horsepower 
correction to the design condition which is impracticable. 


*Test Engineer, Ingersoll-Rand Company, Phiilipsburg, N. J. 
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From a designer’s standpoint and from a manufacturing stand- 
point, it is much more desirable to test a blower at full speed or at 
least within 10 per cent of the rated speed. In order to do this and 
still maintain an equivalent performance, the use of an equivalent 
gas mixture can be selected and used in a closed-loop test circuit. 
This, of course, appears to be a costly process; however, the ad- 
ditional cost usually can be justified, especially in the case of a 
motor-driven blower where the speed cannot be varied without a 
special test setup. Also, in the case of a blower with a high design- 
inlet pressure, a closed loop will provide the means to adjust the 
inlet density to produce a desired power measurement. 

The use of a gas mixture in a closed loop has been used many 
times with moderate success. In one case a comparison of results 
was made of a full-speed gas-mixture test and a reduced-speed 
equivalent air test. This comparison of actual test results showed 
the head coefficients to duplicate each other, but the efficiencies, 
although fairly close, showed a difference. This difference was 
attributed to the fact that the air test at such a large speed re- 
duction did not afford as accurate a power measurement as with 
the full-speed test. 

For the question of how to determine an equivalent gas mixture 
for a particular blower, the derivation of a formula is being given 
along with examples of its use. The formula is designed for de- 
termining an equivalent gas mixture to produce a design-volume 
ratio at design speed and intake temperature of a blower. 


DERIVATION OF ForRMULA TO DETERMINE AN EQUIVALENT Gas 
Mixture TO Propuce A Ratrep Votume Ratio at RATED 
SPEED AND INTAKE TEMPERATURE OF A BLOWER 


Rated volume ratio is defined as the ratio of the inlet volume 
rate divided by the discharge volume rate. As the inlet and dis- 
charge areas, or volumes, are fixed by the blower design, this 
ratio also could be called the rated velocity ratio. In order to 
have this ratio the same for the test mixture as for the rated gas, 
the following must be true 


as Vi/V2 = (po/p,)'/" from pV" = pV 


then R!" of the design gas = R!/" of the mixture gas 


Definitions of Terms 
= ¢,/c, by definition 
= polytropie exponent 
= polytropic efficiency 
x 7 by definition 
k-1 
molecular weight 
fractional part—-by volume 
P2/pP, compression ratio 


n Pr 
: ( ) — 1 | by definition 
n— Pr 


impeller peripheral velocity, fps 
1716 7; b 


nn coefficient of pressure rise 
sper 


Subscripts 
= design conditions 
= test gas mixture 
= Ist gas of mixture 
= 2nd gas of mixture 


Derivation 
M,, = X\M, (1.00 X1)M; 
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Assuming that u of the blower will be the same with the mixture 
as with the design gas 


ba 


M, 


By substitution 


By substitution 


nd—1 
Na Ry nd = 
ny — 1 


Assuming 7 of the blower will be the same with the mixture as 
with the design gas and 


M, = X\(M, — + M, 


To use this formula, the properties of the substitute gases must 
Then by trial and error, various k-values of the sub- 
stitute mixture must be tried and the equation solved for X, the 
fractional volume of the substitute gases. With the fractional 
volumes known, the k-value can be computed to show whether the 
first k-value assumption was correct. 


be known. 


7 
= 
Ma = By 
b 
Mo = M, 
by 
b,, 
= 
ba 
as 
n--1 
n— 1 L 
By substitution 
: = XM, ~ + M: 
Fa Na R, nd = | 
l 
as 
1 1 
= 
= 
: Nn ( 7 
| 
n kn 
n—l pe 1 
| 
n n ne kn 
k-1 
n kn 
kan 
k,, — 1 R, 
k 
ran R, kn 
: ka — 1 
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EXAMPLE TO SHow Use or ForMULA 
Mixture Gases 
Air (Gas 1) Helium (Gas 2) 
28.96 4.0 
1.4 1.67 


Design gas 
M. 6.0 
1.4 


The mixture gases were picked such that one gas has a higher 
molecular weight than the design gas and the other a lower mol 
weight. As air is abundant and its use eliminates tedious purging 
processes, it was selected as the heavy gas. Because of the in- 
flammable hazards connected with hydrogen it would not be 
permitted in most shops. Therefore the only other gas with a 
mol weight less than 6.0 is helium. 

On the basis of the molecular weights it can be seen that a 
larger volume of helium will have to be used and thus the k-value 
will be closer to 1.67 than to 1.4 for the test mixture. 

For the purpose of the example, however, a mixture k-value of 
1.5 will be tried. 

Trial No. 1,k = 1.5 
Design Mixture 
0.68 0.68 
k= 1.5 
2.04 


0.4205 0.490 
1.442 


Using Equation [1] 


O.5S\ 0.49 
204 [ (412051) - 


= 6.0 = X,(28.96 — 4.0) + 4.0 
2.38 [1.442°-42 — 


NX, = 0.121 or 12 per cent air 88 per cent helium 


To prove: If first assumption of k = 1.5 is correct 


1.4 


: 1.667 
= 3.500 for air; = = 2.500 for He 
0.667 


k 
mixture = (fractional volume gas 1) (; = gas i) 


k 


+ (fractional volume gas 2) (, 


' mixture = (0.12)(3.500) + (0.88) (2.500) 


mixture = 2.62 


k 2.62 k — 2.62 


k = 1.62 

As this value does not check the 1.5 of first trial, a second trial 
It is now known that the correct k-value will be 
between 1.5 and 1.62 


must be made. 
Trial No. 2, k 1.40 
Mixture 


0.68 
1.6 


Design 
0.68 
1.4 


2.38 1.815 


Design Mixture 
k-1 
kn 
R 1.442 


0.4205 


0.5515 


Using Equation [1] 


0 
1.815 [ 


6.0 = X,(24.96) + 4.0 
2.380 [1.442°.42 — 
XxX 0.169 or 16.9 per cent air 

83.1 per cent helium 


To prove, if k .60 is correct 


mixture (fractional volume gas 1) (, 


gas | 


(fractional volume gas 2) (, , gas 2) 


i mixture (0.169)(3.500) + (0.831 )(2.500) 


mixture 2.669 


2.669 
= = 1.60 
1.669 


This checks the second trial k = 1.60 is correct. 


With this known, other properties of the mixture can be de- 
termined 


Molecular Weight of Mixture 


M, (air part of mixture) = (0.169)(28.96) 
M, (He part of mixture) = (0.831)(4.00) 


Molecular weight of mixture 


Compression Ratio for Test Using Mixture 


(mix) = (mix) X 7 = 2.669 * 0.68 = L818 


1.818 
n mixture = ——— = 2.22 
O.818 
1 


As R,™ = 


14420-5798 


R, = 


1.602 


From the compression ratio and the molecular weight the de- 
sired inlet density can be predetermined to give the approximate 
power requirement. 


AvTHOR’s CLOSURE 


The author is gratified to have Mr. Clark’s comments and 
especially appreciates the illustration of the calculations for 
determining equivalent gas mixtures. 

It is definitely agreed that closed loop testing is a practical 
means of determining compressor performance and in some 
cases it is the only means for obtaining a significant test, as Mr. 
Clark points out. The advantage of this method is that a test 
gas with a Class II or a Class I relation to the design gas can be 
used, and that the density may be adjusted to produce satisfac- 
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- 
R = 
= 8.21 
n 
k 
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| 
k 
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| 
k= 
kn 
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tory power measurement as well. It is the author’s feeling that 
this method illustrates how significant tests can be performed 
following the principles of the correlation classifications out- 
lined in the paper. 

The question of how we may be sure that the head coefficient 
wy and the efficiency 7 will be duplicated when the other param- 
eters are duplicated seems to rest only on the matter of the 
completeness of the list of independent parameters. If the 


independent parameters of Table 1 are conceded to be com- 
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plete, then it undoubtedly is true that y, 7, and the other de- 
pendent parameters will be duplicated. 

The author’s tests on refrigeration compressors with both 
Freon-11 and Freon-114 indicate very good agreement on this 
matter. For volume ratios Q:/Q: up to 3.5 the g-y and ¢-n 
curves for the two gases at the same volume ratios were not 
different by more than 1 per cent. The molecular weights were 
137.38 and 170.93, respectively, and the speeds for equal volume 
ratios were different by 17 per cent. 


. 
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Experimental and Theoretical Pressures and 
Velocity Fields for Various 
Lead Extrusions 


By E. G. THOMSEN! anp J. FRISCH,? BERKELEY, CALIF. 


Extrusion pressures and velocity fields were determined 
for inverted extrusion processes of commercially pure lead. 
The extrusion ratios were varied from 1.51 to 18.5 (33.7 per 
cent to 94.6 per cent reduction). It was found that, for 
both low and high friction at cylinder wall and at die sur- 
faces, qualitative agreement exists between slip-line solu- 
tions and experiment. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
a, 8 = wand #-slip lines or lines of maximum shear 
u, v = velocity components along @ and #-slip lines 
: = constant critical shearing stress, psi 
= mean pressure, psi 
= axial-stress component, psi 
= counterclockwise angle of rotation of an a-slip line with 
respect to z-axis 


INTRODUCTION 


Detailed experimental verification of theoretical solutions to 
metal-forming problems are conspicuous by their absence in the 
literature. This is so because it is difficult to measure many of 
the variables directly and simultaneously with the deformation 
process to which a metal is subjected. One of these important 
variables, which is particularly elusive of measurement, is the metal 
movement during a forming process since the metal during its 
deformation stage is hidden from the observer’s view. This is a 
consequence of the opaque nature of the tools and dies which 
must be constructed of materials such that heavy forming loads 
can be sustained. Hence, visualization of metal movement has 
been almost exclusively confined to fluid-flow analogies and to 
reconstruction of flow patterns from deformed grids. Neither 
one of these methods, however, is apparently sufficient to provide 
completely satisfactory answers to most forming processes. 

The University of California experiments on determination of 
metal movement during steady-state deformation, which have 
been reported in the literature from time to time, have had the 
purpose of filling in this much-needed information. The method 
employed consists of marking metal particles on surfaces across 
which no shearing stresses exist and in observing the move- 
ment of these particles during incremental deformation steps. 
A detailed velocity pattern can be constructed from such obser- 
vations provided that the metal moves relatively slowly and 


1 Professor of Metal Processing, University of California. Mem. 
ASME. 

? Assistant Professor of Engineering Design, University of Cali- 
fornia. Currently on leave with Lockheed Aircraft Corporation. 
Assoc. Mem. ASME. 

Contributed by the Research Committee on Metal Processing and 
presented at the Annual Meeting, New York, N. Y., November 
25-30, 1956, of Tae American Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, July 
26,1956. Paper No. 56—A-45. 


that an incremental step can truly be considered a portion of a 
continuous process. The information so far at hand indicates 
that, for the inverted extrusion processes of commercially pure 
lead and 1100 aluminum deformed at room temperature, these 
conditions are satisfied. 

The object of this paper is to present further studies of flow 
patterns in inverted extrusion processes of lead for various ex- 
trusion ratios and under variable lubrication for critical compari- 
son with slip-line solutions. Such a comparison is deemed of 
considerable importance in order that these theoretical slip- 
line solutions may be brought to the attention of the practicing 
engineer, and that the potentiality for application to practice 
which these solutions hold may be fully utilized. 


EXPERIMENTAL TECHNIQUE 


Several 4.3-in-diam commercially pure (99.9 per cent) lead 
billets were extruded at room temperature through various sharp- 
edged circular dies ranging in diameter from 1 to 3.5 in. in '/2-in. 
steps. This permitted the investigation of extrusion ratios 
varying from 1.51 to 18.5 (reduction in area of 33.7-94.6 per 
cent). All billets were split along a central plane and were pro- 
vided with scribed or machined grids to permit following the 
progress of metal movement during short extrusion steps. It 
was found that grids, consisting of radial and circular lines, kept 
their identity as normal lines longer than square grids, hence the 
movement of the metal particles as represented by the inter- 
sections of those lines was easier to determine. All distorted 
grids were photographed between extrusion steps and the inter- 
sections plotted from projected images of the photographs. 
Some photographs were taken with double exposures in order 
to record a deformation step on a single photograph. A typical 
example is shown in Fig. 1. This method of placing the record 
of a deformation step on the same photograph appears to show 
considerable promise for the study of metal movement. 

All billets were lubricated with molybdenum disulphide in oil 
in order to keep friction as low as possible except those for the 
high-friction investigation. In these latter cases the billets were 
placed in a split chamber having a split die to permit removal 
of the billet for photographing without detaching the metal 
from the cylinder wall or die. Welding of the metal was facili- 
tated by cutting shallow grooves into the cylinder and die and 
tinning these surfaces before placing a clean and newly machined 
billet in contact with them. 

Extrusion loads were determined during steady-state runs for 
the various test conditions as the billet reduction velocity was 
varied from approximately 0.0005 to 0.004 ips (0.03 to 0.24 ipm.) 
The results of these extrusion-load determinations are given in 
Table 1. 


EXPERIMENTAL RESULTS 


The extrusion pressures for steady-state extrusion as functions 
of billet reduction velocities are given on log-log co-ordinates in 
Fig. 2. The pressures are seen to rise only nominally over the 
range of extrusion speeds investigated, but rise appreciably with 
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TABLE 1 


Extrusion diameter, 
Per cent reduction - 94.6 ——_—— — 88.0 -— 
Extrusion Die Extr 
velocity, press., vel, press., 

ips psi ips psi 

0.0003 9050 0.0002 6390 

0.0010 10050 0.0015 7150 

0.0025 11090 0.0104 9860 
0.0040 11560 


@ Reference (3). 
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EXTRUSION PRESSURES FOR VARIOUS TEST CONDITIONS 


—— 1.50 —— 
High frict. 
—— 8.22 —— 


0.0005 
0.0010 
0.0017 
0.0030 


5520 
0.0035 


0.0040 3870 


Nore: All billets were preforged before machining and extruded at room temperature in a 4.3-in-diam extrusion chamber through sharp-edged dies 


by the inverted extrusion process. 


(a) Undeformed grids scribed on billet after initial extrusion step had been 
. taken to establish steady-state conditions 


Fie. 1 


or Grip Parrerns ror HicuH-Friction Tests With CommerctaLty Pure Leap. 


All billets were lubricated with molybdenum disulphide in oil (Molykote) except those for the high-friction tests. 


(6) Superimposed grid patterns before and after a small deformation step 
had been taken 


Ax1at Symmetry, 4.3-INn. 


Extrupep Into 1.5-In-Diam Bark (Extrusion Ratio = 8.2) 


PEARSON & 


AVERAGE EXTRUSION PRESSURE, 1000 PSI 


BILLET REDUCTION VELOCITY, 

Fic. 2 AveracGe Extrusion Pressures (Loap Divipep By Cross- 
SECTIONAL AREA OF BILLET) as FuNcTION or BILLET REDUCTION 
VeLocity or CoMMERCIALLY Pure Leap ror Vartous Extrusion 
taTios (INVERTED ExTrRusION-Processes Data From Taste 1) 


increasing billet reduction. The family of curves obtained at all 
reductions has approximately the same slope throughout the 
range of speeds investigated when plotted on log-log co-ordinates. 
The pressures required for extrusion with high friction (rough- 
ened and tinned die and cylinder) for the same reduction of 88 
per cent also have been plotted and are seen to be higher than 
the low-friction pressures in the higher range of extrusion speeds. 
It is purely coincidental that the results of Pearson and Smythe 
(1) obtained with 1'/,-in. lead billets and 96 per cent billet re- 
ductions fall on the same curve. Since the billets used by Pear- 
son and Smythe were not lubricated, however, it appears that 
high-friction extrusion loads rise more steeply with increasing 
extrusion speeds than do those with lubricated billets. The fact 
that the Pearson and Smythe curve is below the 94.6 per cent 
reduction curve, has not been explained, but may be due to ma- 
terial variation. 

Cross plots of the curves in Fig. 2 for several constant strain 
rates yield the straight lines of Fig. 3 when the extrusion pres- 
sures are plotted on semi-log paper as functions of extrusion 
ratios (A)/A). These experimental results, therefore, satisfy 
the well-known empirical equation p = a + 4 log (Ao/A) with a 
deviation of less than 10 per cent. This deviation, too,-may be 


3 Numbers in parentheses refer to Bibliography at end of paper. 
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EXTRUSION PRESSURE, !000 PS! 


AVERAGE 


EXTRUSION 


AVERAGE EXTRUSION PRESSURES AS FUNCTION OF EXTRUSION 
CommerctaLLy Pure Leap ror Various Repve- 
TION Vecocities (INVERTED EXTRUSION PROcESy 


Fic. 3 


Bar diam, Extrusion Per cent 
in. i reduction 
a) 1.0 U4 
om SS 
78.5 
(d) 3.0 2.05 
Fic. 4 anp or Vecocity Vectors Derer- 
MINED FOR COMMERCIALLY Pure Leap WHEN ExtrRuDING a 4.3-IN- 
Diam Into Various Bars UnpeR Goop LUBRICATION 


attributable to material variation. The straight line also included 
with these curves gives the data obtained by Pearson (2) and 
because of the steeper slope apparently again indicates high 
friction. 

The experimentally determined magnitudes and directions of 
velocity vectors during steady-state extrusion using lubricated 
billets are shown in Fig. 4. These velocity vectors were deter- 
mined in a similar manner to those reported earlier (3, 4, 5), and 
for a full description of the method, the reader is referred to these 
publications. It may be observed that the velocity patterns in 
Fig. 4 are generally quite similar inasmuch as, in every case, 
slow but definite flow was discernible in the corner formed be- 
tween cylinder and die. The boundary of the velocity of unity, 
which was taken as the billet velocity, occurs at an appreciable 


119 


distance upstream from the die opening for all extrusion ratios. 
The exact location of the boundary, however, as in earlier ex- 
periments, was not determined. 


In order to compare the experimental velocity vectors with 
possible theoretical solutions it was necessary to construct the 
slip-line patterns given in Fig. 5 for four die ratios. These 
possible solutions satisfy the conditions imposed by a frictionless 
boundary when an ideal plastic solid is subjected to plane strain 
during its deformation process. Plastic flow is assumed to take 
place within the area known as the plastic sector which is bounded 
by lines of maximum shear. The solutions given are in agree- 
ment with those first computed by Hill (6) for various extrusion 
ratios, but were in the present case obtained by a simplified 
method (7). For a full discussion of slip lines the reader is re- 
ferred to the literature (6, 8,9). It should be noted, however, that 
the solutions of Fig. 5 are not unique and that other slip line 
fields in the region of Ag/A > 2 are possible, as for example, that 
given by Lee (8), which apparently vields a minimum extrusion 
For the sake of simplicity 
and since the theoretical solutions are expected to show only 


pressure and no dead metal regions. 


qualitative agreement when compared with experiments, only 
Hill’s solutions, which are given in his book (6 

It is seen that the slip lines in Fig. 5 consist of a@ and 8-lines 
These @ and @-lines are lines of maxi- 
mum shear which must be so located that the conditions of 
equilibrium and continuity are satisfied. These conditions are 
given by the well-known Hencky (10) and Geiringer (11) equa- 
tions, respectively, along @ and @-lines and in finite form may be 


. are discussed. 


which are orthogonal. 


written as 
— Pp, + 2k(d — = O along an a-line. . 


— — = O along a 8-line. 


(d) 


Per cent 
reduction 


Fic. 5 Suip-Line Patrerns ror ExtTrRuSsIONS IN PLANE STRAIN 


rs 
9 
ne) KY 
f 
6 
Z | 
| 
| 
| 
| 
‘ 
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RATIO, 
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“ 
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(a) (Cc) 
? 
3 
¢ 2 
2 
Bar diam, Extrusion 
in. 
4.30 76.7 
1.5 2.86 65.0 
2.15 53.5 
1.43 30.0 


Oz = — p—k sin 26 
Au — vA@d = O along an a-line........... 
Av — uAd = 0 along a G-line 


where the angle ¢ is taken as positive, when an a-line is directed 
in the positive z-direction with a positive slope. 

The stresses and velocities may be calculated throughout the 
region in which plastic flow is supposed to take place, by the 
use of the foregoing equations once the slip-line fields, such as 
those shown in Fig. 5, have been established. Thus if it is desired 
to calculate the stress o,, which acts in the axial direction at the 
intersection of slip lines a and 9 of Fig. 5(a), the procedure is as 
follows: 

It is first necessary to calculate the mean pressure p, on line 
1. This is found by setting the axial stress of Equation [3] to 


zero on this line, since it is supposed that no axial load acts at this - 


section in the billet. The a-line is directed in the negative direc- 
tion and therefore @ = —45 deg. Hence substitution of these 
conditions into Equation [3] yields 


=0= 


(6) 


If this value of p is substituted into Equation [1], the mean 
pressure py at the intersection of lines a and 9 for an angle of 
(gs — @:) = —113° = —1.97 radians becomes 


po = k— 2—1.97) = 400 ............ [7] 


where k is a constant flow stress. If it is desired to find the axial 
stress o, at this same point, the mean pressure py may be sub- 
stituted into Equation [3], namely 


o, = —4.94k — k sin (—90° — 226°)) 


= —k(4.94 + sin 46°) = —5.66k [8] 


This procedure permits calculation of the stresses throughout 
the plastic zone and in particular along slip line 9 of Fig. 5(a), 
which is the boundary between the plastic metal and the rigid 
metal of the dead metal region wedged in between the cylinder 
wall and die. Since these axial stresses also are assumed to act 
on the die, it is evident that average extrusion pressures can be 
calculated. The calculations have been performed and are 
shown in Table 2 for the four extrusion ratios of Fig. 5. When 
plotted on semi-log paper as functions of extrusion ratios, nearly 
a straight line is obtained for the plane-strain case. It is to be 
noted that the present results using a graphical technique are 
in good agreement with those computed by Hill (6). If it is now 
assumed that the axial-stress distribution is identical with that 
in an axial symmetrical extrusion, then the dotted line in Fig. 6 
can be obtained. This latter assumption is arbitrary and is 
justifiable only because of the fact that a recent comparison of 
calculated stresses (12) in a billet extruded at an extrusion ratio 
of 8.2 under axial symmetry showed a similar stress distribution 
as for the plane strain case. It is seen that this line has a differ- 


TABLE 2 APPROXIMATE SLIP-LINE SOLUTIONS FOR 4.3-IN. 
BILLET 


Diam of 
Condition of extrusion, Extrusion Percent 
extrusion red. 


Plane strain 


Pave, 
psi 
6180 
5080 
4060 
2290 
8800 
8000 
6870 
4550 


2 
3. 
3. 
1 
2 
3 


Nore: The flow stresses for calculating pavg of 2k = 2900 psi and 2k = 
3400 psi for plane strain and axial symmetry, respectively, were arbitrary 
choices in order to fit experimental curve. 
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PLANE STRAIN 
AXIAL SYMMETRY 


5 Te) 
5 


P/2k, DIMENSIONLESS EXTRUSION PRESSURE 


Ao 
EXTRUSION — 


RATIO, 


Fic. 6 APPROXIMATE THEORETICAL DIMENSIONLESS EXTRUSION 
PRESSURES FOR PLANE STRAIN AND AXIAL SYMMETRY AS FUNCTIONS 
or Extrusion Ratios 
(Data from Table 2.) 


STRAIN 
SYMMETRY 


PLANE 
AXIAL 


VERAGE EXTRUSION PRESSURE, 1000 PS! 


A 
A 


c 


Ao 


EXTRUSION RATIO, 


Fic. 7 APPROXIMATE Extrusion Pressures Usinc ARBITRARY 
FLow StTResses FOR PLANE STRAIN AND Ax1AL SYMMETRY a8 FuNC- 
TIONS OF ExTRUSION RaTI08 
(Data from Table 2.) 


ent slope from the plane-strain case and also departs somewhat 
more from a straight line. 

In order to compare these theoretical extrusion pressures with 
the experimental data, average flow stresses were substituted for 
k, as given in Fig. 7. It is seen that good agreement is obtained 
when comparing the plane-strain solutions with an experimental 
line in Fig. 3 for an extrusion rate of 0.003 ips. The computed 
values for axial symmetry, however, depart from the experi- 
mental line especially at large extrusion ratios and indicate that 
the assumption of identical stress distribution is not completely 
valid. 

The slip-line fields of Fig. 5 in conjunction with the Geiringer 
Equations [4] and [5] may be used to establish velocity fields. 
Here also a graphical method can be used and the velocity dia- 
grams shown in Fig. 8 have been determined in this manner (7, 
9). A velocity vector can be obtained from these diagrams by 
simply connecting a line from the pole 0 to the intersection of the 
lettered and numbered lines corresponding to similar intersec- 
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(b) 


8 Hopocrapus (VeLocity D1aGRamMs) 
So.vutions SHOWN IN Fie. 5 


(d) 


Fig. FOR PLANE-STRAIN 


Fic. 9 Macnitrupe anp Drrection or VeELocity VECTORS FOR 
PLANE STRAIN CORRESPONDING TO Line or Fia. 5 


(Numbers indicate constant magnitudes for plane strain, while those in 
parentheses correspond to approximate magnitudes for axial symmetry.) 


tions of the slip lines in Fig. 5. It is clear therefore that the ve- 
locity vectors in the entire plastic zone can be obtained. This 
has been done and the results are shown in Fig. 9. Comparing 
the directions of the velocity vectors with the experimental direc- 
tions shown in Fig. 4, it is seen that only qualitative agreement 
exists. The sharp discontinuities at the up-stream boundaries 
as prescribed by the theory were not observed experimentally. 
This observation parallels similar observations which were re- 
ported recently for solid extrusions of aluminum (12) and tubular 
extrusions of lead (13). Also, the dead-metal region predicted 
by the theory exists as a slowly moving plastic region, without 
sharp discontinuities. In spite of these differences between 
theory and experiment, however, slip line solutions give good 
approximations to actual directions of velocity vectors in the 
main part of the plastically moving body. 

Magnitudes of velocity vectors also are included in Fig. 9 and 
are given as constant-velocity lines. The numbers indicate the 


(a) Slip-line solution, plane strain 

(b) Experimental magnitudes and directions of velocity vectors 

(c) Theoretical magnitudes and directions of velocity vectors from Fig. 11. 
(Numbers indicate constant magnitudes for plane strain, while those in 
parentheses correspond to approximate magnitudes for axial symmetry) 


Fie. 10 Comparison or VeLociry Vectors From ExPpeRIMENTAL 
Hicu-Friction Tests With TuHeoreticat Surp-Line So_vutions 


(Inverted extrusion of 4.3-in-diam billet of commercially pure lead into 1.5- 
in-diam bar in an inverted-extrusion process.) 


HopoGRaPH FOR PLANE-StTRAIN SOLUTION SHOWN IN Fia. 
10(a) Unper ConpitTions oF Maximum FRIcTION 


Fia. 11 


velocity ratios of particle velocity to billet velocity. Hence, the 
undeformed metal upstream from the plastic zone moves at a 
velocity of unity, while the dead-metal region is at rest. These 
magnitudes of the velocity vectors cannot be compared directly 
with the experimental velocities owing to the fact that plane- 


strain conditions were assumed in the theory. If, however, 
continuity relationships are considered, the contribution of the 
normal strain in the hoop direction of the billet demands that 
the velocity be increased by a factor equal to the velocity itself. 
Hence, squaring the velocities satisfies this condition. Since 
continuity alone, however, may not be sufficient to establish 
velocities for the axial symmetrical extrusions when using plane 
strain conditions, these velocities must be regarded as approxi- 
mations. Comparing these new magnitudes, which are en- 
closed in parentheses in Fig. 9, with the experimental velocities, 
it is seen that qualitative agreement again exists. Hence, theo- 
retical velocity vectors give a good qualitative picture of actual 
metal flow. 

Fig. 10(b) shows the experimental velocity pattern of the high- 
friction extrusion experiments. Comparing this pattern with 
that of Fig. 4(b) for the same extrusion ratio, it is seen that they 
are nearly identical except for the region along the cylinder wall 
and the die surfaces; at the die surface the velocity is zero in the 
case of the high-friction tests. It should be noted that a velocity 
of unity prevails along the cylinder wall, which is a consequence 
of the fact that the die is assumed to be stationary and hence, the 
cylinder wall is assumed to move with a velocity of unity. Com- 
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paring the theoretical and experimental velocities of Fig. 10, it is 
seen that qualitative agreement again exists. 


CONCLUSIONS 


1 Velocity fields and extrusion pressures, which were deter- 
mined from slip-line solutions, were in qualitative agreement 
with experimental observations. 

2 The experimental and theoretical directions and magni- 
tudes of velocity vectors in the main portion of the deformed 
metal were substantially identical. Lines of discontinuity and 
dead-metal regions at the die corners as predicted by the theory 
were not observed experimentally. 

3 The theoretical velocity pattern for the high-friction ex- 
trusion was in substantial agreement with experimental observa- 
tions, but the atea undergoing plastic flow is somewhat over- 
estimated by the theory. 
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Discussion 


P. G. Hopae, Jr.4 The authors have continued their excellent 
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work on plastic-forming processes. The present results seem to 
verify further the rather startling conclusion that theoretical 
solutions for problems of plane strain show very good agreement 
with experimental solutions of axial symmetry 

Since any reasonable agreement between these two problems 
may be regarded as fortunate, it is perhaps quibbling to suggest 
that the agreement might have been even better. However, it 
does seem worth pointing out that other “solutions” to plane- 
extrusion problems are available and might be worthy of con- 
sideration. 

The word solution has been placed in quotes because the 
results presented as solutions are, in fact, only partial solutions. 
The complete solution to a plane-strain plasticity problem must 
exhibit an equilibrium stress and displacement field such that 
(1) the yield condition is nowhere exceeded; (2) where the 
strains are nonzero the material is at yield and the stresses and 
strains are related by the appropriate flow law; and (3) the 
external work is not less than the internal. Now, Hill's solution 
used by the authors satisfies conditions (2) and (3), but does not 
exhibit a complete stress field. According to the theorems of 
limit analysis, such a partial solution provides an upper bound 
on the extrusion pressure. 

An alternative partial solution to the problem for the authors’ 
case (a) when the plane-strain extrusion ratio is equal to 3 has 
been suggested by Lee (see authors’ reference 8). This also 
satisfies conditions (2) and (3), and hence furnishes an upper 
bound on the extrusion pressure. However, it turns out that 
Lee’s solution furnishes a lower upper bound than Hill’s does. 
Therefore, Hill’s solution to the problem certainly predicts too 
high an extrusion pressure, and cannot possibly be correct for 
reduction of 3. Further, it seems most unlikely that it would be 
correct for reduction ratios near to 3 such as the authors’ case 
(b). This may be particularly significant in view of the fact 
that, as the authors mention, Lee’s solution does not involve 
any dead-metal region in the corner. Since flow in the corner 
was observed in the authors’ experiments, it may well be that 
Lee’s theoretical solution will show even better experimental 
agreement. It is to be hoped that the authors will consider 
this possibility in their future investigations. 


B.W.SHarrer.’ The authors are to be congratulated for hav- 
ing developed an experimental technique which permits them to 
observe and record particle motion during the extrusion process. 
With the aid of this technique they have been able to compare the 
theoretical solution of particle motion as predicted by slip-line 
theory with actual extrusion experiments. Qualitatively speak- 
ing, their experimental results verify the theoretical solution. 

The authors observed, however, that the theoretical solution 
predicts a sharp discontinuity in the velocity vectors at the up- 
stream boundary of the plastic region which does not appear in 
the experimental results. They nevertheless concluded that in 
spite of this difference, the slip-line solutions give good approxi- 
mations to the actual directions of the velocity vectors in the 
main part of the plastically moving body. 

The writer wishes to suggest that some of the differences at the 
upstream boundary arise from the very assumptions used in 
mathematically formulating the slip-line-fieid solution. It may 
be recalle.’ that in deriving the slip-line-field solution, it is as- 
sumed that all elastic regions may be treated as rigid ones. Asa 
consequence, there exists a rigid region in direct contact with a 
plastic one, separated only by a shear line which is actually a line 
of discontinuity. In the true physical problem one would 
expect to find a transitionary section where the deformations are 
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small compared to those encountered in the plastic region. Had 
the analysts been able to include such a transitionary section in 
the theoretical solutions, the discontinuities in velocity vectors 
would not have been predicted. 

It was, nevertheless, postulated at the time the mathematical 
problem was formulated, that the transitionary section would 
have very little influence on what appears within the region 
where plastic flow occurs. The authors’ observations have ac- 
tually verified the reasonableness of this hypothesis. 

Some of the quantitative differences between the experimental 
results and the theoretical predictions may be due to the dif- 
ference between the conditions of axial symmetry and plane 
As the authors realize, the experiments were performed 
by extruding circular billets, even though the theoretical solu- 
tions were formulated on the basis of plain strain. 

The writer also wishes to suggest that, even though the authors 
did not find a dead metal region in their experiments, such a 
region might oceur under the proper combinations of extrusion 
Whenever the extrusion force is 
less in the presence of a dead metal negion than without it, the 
dead metal region will form and alter the particle flow accord- 
ingly. Generally speaking, the dead metal region in the extru- 
sion process plays a role which is similar to the presence of the 


strain. 


ratios and coefficient of friction. 


built-up nose in the metal cutting process.® 


AutTHors’ CLOSURE 
The authors wish to thank Professors Hodge and Shaffer for 
their valuable discussion of their paper. 
The fact that the axial symmetric extrusion experiments are in 
qualitative agreement with plane-strain theory is indeed fortu- 
nate, as pointed out by Professor Hodge, and certainly simplifies 


¢ ‘The Theory of Plasticity Applied to a Problem of Machining,” 
by E.H. Lee and Bernard W. Shaffer, Journal of Applied Mechanics, 
Trans. ASME, vol. 73, 1951, pp. 405-413. 

7“Plane Strain and Axially Symmetric Velocities and Pressures 
in Extrusion,” by E. G. Thomsen, presented at Conference on High 
tates of Strain, sponsored by Applied Mechanics Division of The 
Institution of Mechanical Engineers, London, England, May 1, 1957. 
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the analysis appreciably. Further proof, however, that axial 
symmetric problems in extrusion apparently can be treated as 
plane problems,’ insofar as flow is concerned, was obtained re- 
cently when comparing experimental velocities in axial symmetric 
extrusions with experimental velocities in plane strain. It was 
found in this case that, for several extrusion ratios investigated, 
the velocity directions were essentially identical. 

The authors are aware of the fact that the solutions they have 
given are not necessarily those giving minimum extrusion pres- 
The selection of Hill's 
solutions was arbitrary and was made on the basis that it permits 
the existence of a larger area undergoing plastic flow upstream 
from the die than does the Lee solution. However, since neither 
solution reproduces the exact regions undergoing plastic defor- 
mation, they can presently be used only for qualitative prediction 
The authors agree, however, 


sures nor are they complete solutions. 


of stresses and metal movement. 
with Professor Hodge that, from the standpoint of mathematical 
reasonableness, the solution proposed by Lee appears to be more 
appropriate for extrusion ratios equal to 3. 

The authors agree with Professor Shaffer's comments that the 
lines of discontinuity obtained from the theory are a direct con- 
sequence of the assumptions made in setting up the mathe- 
matical model (ideal plastic solid). The fact that such discontin- 
uities, at least under slow speeds of extrusions, are not observed 
seems to indicate that this assumption, while necessary to get a 
solution, is perhaps too drastic. The so-called dead-metal region 
as demanded by Hill’s solution was not found in the present or 
previous investigation. However, like the region upstream from 


the die, it is a zone where the velocities are small but nonzero. 
It is believed by the authors that, in other commercial forming 
operations, where such dead-metal zones have been reported to 


exist, these would probably turn out to be zones of relatively 
slow deformation, if it were possible to measure them precisely. 
Hence regions in the die corner or those upstream from the orifice, 
beyond the limiting slip lines obtained by the theory, appear to 
be merely transition regions, where the metal changes from an 
elastic to a plastic state of deformation. 


Cold Extrusion of Unalloyed Titanium 


By A. M. SABROFF,? O. J. HUBER,’ ano P. D. FROST,* COLUMBUS, OHIO 


The first known successful cold extrusion of titanium 
was accomplished at Battelle on a project for Wright Air 
Development Center. Working with commercially pure 
grades of titanium having 45,000 and 70,000-psi yield 
strengths, and employing a Battelle-developed fluoride- 
phosphate coating for titanium, billets 1'/; in. diam were 
forward extruded to bars 1.16, 1.06,and0.95in.diam. These 
correspond to reductiens of 40, 50, and 60 per cent. The 
fluoride-phosphate coating, in combination with a con- 
ventional oil-graphite-molybdenum disulphide lubricant, 
prevented seizing and galling and produced a smooth 
surface finish. The extruded bars exhibited as high as a 
60 per cent increase in strength, yet adequate ductility 
(10 per cent in 1 in. minimum) was maintained. 


INTRODUCTION 


OLD extrusion of metals. particularly steel, has become a 

well-established and important manufacturing process. 

The principal application of the process was formerly in 

the production of ordnance items, such as mortar and artillery 

shells and cartridge cases. More recently, however, the process 

has gained considerable attention from the automotive industry 

for the production of small parts, such as wrist pins, hydraulic- 

valve plungers, and electrical switch housings. Some of the 
advantages that are gained by cold extrusion are: 


1 Conversion of low-strength a:loys to high-strength finished 
products through work-hardening. 

2 Saving of time and material because of fewer operations and 
smaller machining losses. 

3 Production of an uninterrupted fiber flow, which results 
in greater load-carrying capacity. 

4 Good surface finish and maintenance of tolerances within 
close limits. 


The ability to form intricate parts from titanium in a few 
simple operations with small machining losses would be of par- 
ticular advantage in view of the high cost of titanium mill prod- 
ucts. However, the cold-extrusion process has never been ap- 
plied to titanium in commercial practice. This is true prob- 
ably because of a lack of a suitable surface coating, which is 
the principal requirement for successful cold extrusion. 

In research at Battelle on surface coatings for titanium to 
prevent galling and seizing, a surface treatment was developed 
that produced excellent results in wire and tube drawing and re- 
ciprocating and rotary wear tests.5 The treatment, which con- 


1 The material presented in this paper was submitted as a thesis by 
A. M. Sabroff in partial fulfillment of the requirements for the degree 
of Master of Science, The Ohio State University, 1956. Faculty 
Advisor was Prof. J, W. Spretnak. 

? Assistant Chief, Light Metals Division, Battelle Memorial Insti- 
tute. 

3 Principal Metallurgist, Light Metals Division, Battelle Memorial 
Institute. 

‘Chief, Light Metals Division, Battelle Memorial Institute. 

’“Conversion Coatings for Titanium,’”’ by P. D. Miller, R. A. 
Jefferys, and H. A. Pray, Metals Progress, vol. 69, May, 1956, pp. 61- 
64. 

Contributed by the Research Committee on Metal Processing and 
presented at the Annual Meeting, New York, N. Y., November 
25-30, 1956, of Tae AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, August 6, 
1956. Paper No. 56—A-8S. 


sists of immersion in a fluoride-phosphate bath at room tempera- 
ture, produces an adherent, continuous coating on titanium that 
performs as a lubricant retainer and gliding agent. In view of 
the outstanding performance of this coating in preventing galling 
and seizing, it appeared that the cold extrusion of titanium could 
be accomplished successfully. Consequently, this research 
program was initiated at Battelle by the Air Force to determine 
the feasibility of applying the process to titanium.*® 


Extrusion EQUIPMENT AND BILLET PREPARATION 


The initial approach to the problem of cold-extruding titanium 
was based on information obtained from published literature on 
the cold extrusion of steel. A series of experiments, similar to 
those in the early work on steel by Pessl and Hauttman’ and 
Feldman,® was conducted to determine the influence of basic 
variables in the cold-extrusion process. These consisted of for- 
ward-extruding round billets of unalloyed titanium to bars of 
smaller diameter to study the effects of die design and extrusion 
reduction on extrusion pressure and mechanical properties. In 
addition, studies on the flow of metal during cold extrusion were 
conducted on split billets with grids inscribed on the dividing 
surfaces. 

The billets used in these studies were 1'/; inches in diameter 
by 3 inches long. The billets were extruded with reductions of 
40, 50, 60, and 70 per cent of the cross-sectional area. The size 
of the extruded bars and the extrusion ratios corresponding to 
these reductions are as follows: 


Area of 
cross section, Extrusion 


ratio 


Reduction in 
area, per cent 
Initial billet 


Diameter, 


1. 
50 1 
60 0 
70 0 

To study the effects of die design, conical-shaped dies having 
included angles of 90, 120, and 150 deg were used for each re- 
duction. 

Description of Extrusion Equipment. The extrusion tests were 
performed on a 700-ton hydraulic press. The press, similar to 
those in use for cold-extruding steel, is equipped with a die 
cushion that has a 100-ton stripping capacity. The extrusion 
tools for conducting the tests were designed and constructed by 
the Lake Erie Engineering Corporation, Buffalo, N. Y. The 
tools consist of a punch, container, interchangeable dies, and ejec- 
tor. A schematic drawing of the complete tool assembly is 
shown in Fig. 1. 

The die design adopted was one that had been applied suc- 
cessfully in cold-extruding steel. A detail drawing of a typical 
die is shown in Fig. 2. The first die land is the bearing surface 
of the die; the lower lands are larger in diameter and act as 
guides to prevent buckling of the extruded bar during ejection. 


* “The Cold Extrusion of Titanium,”” WADC Technical Report 55- 
362, Contract No. AF 33(616)-2446, Battelle Memorial Institute, 
August, 1955. 

7 ‘Early Experiments in Cold Extrusion of Steel,”” by H. J. Pessl 
and H. H. Hauttman, Metals Progress, vol. 64, July, 1953, pp. 97- 
102. 

8 “Investigation of the Force and Amount of Work Required When 
Cold Pressing Various Steels,"’ by H. D. Feldman, Stahl und Eisen, 
vol. 73, January, 1953, pp. 165-174. 
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A sharp corner at the edge of the die opening was employed, 
since this design was reported to require the lowest extrusion pres- 
sure. 

The die and container are supported by double shrink rings 
into which they are press-fitted on a 1-deg taper with a force of 
150 tons. This design permits easy replacement of the con- 
tainer and die and, at the same time, provides adequate support. 
Sealing force between the container, die, backing plate, and die 
holder is provided by the clamp ring, which is connected to the 
die holder by eight heavy-duty bolts. 


Fic. 3. Expermentat INSTALLED IN 
700-Ton Hyprac ic Press at BATTELLE 


The selection of materials for the various components of the 
tool assembly was governed by the load-carrying and abrasion- 
resistance requirements. Wherever possible, nondeforming tool 
steels were used for parts requiring a precision fit in order to 
maintain close dimensional tolerance during heat-treatment. 
The assembly is designed to operate at extrusion pressures up 
to 300,000 psi under normal! extruding conditions. A photo- 
graph of the complete tool assembly installed in the 700-ton 
press is shown in Fig. 3. 


PREPARATION OF E-xTRUSION BILLETS 


Extrusion billets were prepared from two grades of unalloyed 
titanium—AMS 4900 and AMS 4921. Billet stock was pur- 
chased from the Mallory-Sharon Titanium Corporation, Niles, 
Ohio, in the form of hot-rolled and annealed bars, centerless 
ground to 1.480 inches in diameter. The mechanical properties 
of the two grades were as follows: 


AMS 4900 AMS 4921 


Ultimate strength, psi 

Yield strength, 0.2 per cent offset, psi 
Reduction in area, per cent 
Elongation, per cent in 1 in 
Hardness, Bhn 


Split billets for the studies on metal flow were prepared only 
from Grade AMS 4900. The stock for these billets was pur- 
chased in the form of 2-in-diam as-rolled bar. The bar was cut 
into 3-inch lengths which were sectioned longitudinally. The 
dividing surfaces of each billet were ground flat, the billet sec- 
tions were cemented together, and the billets were machined to 
1.480 inches in diameter. Longitudinal and transverse grid 
lines '/, inch apart were inscribed on each dividing surface of the 
billets. 

One end of both the solid and split billets was chamfered, either 
45, 30, or 15 deg, to correspond with the 90, 120, and 150-deg 
dies. 

SurraceE TREATMENT AND LUBRICATION 


The fluoride-phosphate coating was applied to the solid billets 
and each half of the split billets. The immersion-coating bath, 
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which operates at room temperature, has the following compo- 
sition: 
Na;PO412H,0 


23 ml/l .... HF (50 wt per cent) 


Immersion time is a critical factor in obtaining a satisfactory coat- 
ing; that is, one that is not powdery or easily rubbed off. The 
optimum immersion time was about 2 to 3 minutes. Under 
these conditions, a dark, metallic-gray, adherent coating was 
obtained on the billets, as shown in Fig. 4. 


(Left) Machined billet as prepared from bar stock. 
Right) Chamfered billet with fluoride coating. 


Fic. 4. Titanium Extresion 

The condition of the metal surface prior to immersion has a 
marked effect on the uniformity of the coating. Therefore, the 
billets were degreased and pickled to remove any surface films. 
The complete immersion-coating procedure was as follows: 


Degrease in acetone. 
Rinse in cold water. 
Pickle in HNOs, 50% HF (50 wt ‘7) acid solution. 
Rinse in cold water. 
Immerse in fluoride-phosphate bath. 
6 Rinse in cold water and dry. 


A number of lubricants are suitable for use with the fluoride- 
phosphate coating. In the earlier cold-drawing studies on coated 
titanium wire, excellent results were obtained with a light grease 
containing molybdenum disulphide. Since higher unit pressures 
are encountered in cold extrusion, it was deemed advisable to 
use a lubricant containing colloidal graphite in addition to molyb- 
denum disulphide to improve the extreme-pressure characteris- 
tics. A lubricant mixture consisting of petroleum oil, 10 per 
cent colloidal graphite, and 10 per cent molybdenum disulphide 
was selected for use in the tests. 


DESCRIPTION OF EXTRUSION TESTS 


Originally, it was planned to extrude one split billet (for metal- 
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flow studies) and one solid billet of each unalloyed grade through 
each combination of die angle and reduction. However, difficul- 
ties were encountered with the split billets for reductions greater 
than 50 per cent. The split billets could be extruded easily 
with a 60 per cent reduction, but the extruded bar could not 
be ejected from the die. Ejection difficulties were mainly a 
result of the type of die design used, wherein the die land is 
recessed to reduce friction. When high ejection loads were 
required, the extruded bars upset into the recesses, preventing 
removal of the bars from the die. 

Reductions up to 60 per cent were accomplished successfully 
with solid billets of both unalloyed grades. Photographs of the 
bars extruded with a reduction of 60 per cent through 90, 120 
and 150-deg dies, after removal of the coating, are shown in 
Fig. 5. Removal of the coating was easily accomplished in a 
light acid solution. A 70 per cent reduction was accomplished 
with a 90-deg die, but, as in the case of the split billets, the ex- 
truded bar could not be ejected from the die. 

The billets were extruded at a speed of 6 ipm (measured as 
punch speed), except for one test in which the speed was in- 
creased to 20 ipm. A comparison of the data indicated that 
higher speeds may be more desirable in that the pressures re- 
quired, both for initiation of flow and for extrusion, were lower. 
Additional studies would be required, however, to establish the 
optimum extrusion speed. The low speed used in these studies 
was selected to avoid damage to the tools. 

Good surface finishes were obtained on the extruded bars, 
indicating that the fluoride-phosphate coating was effective in 
preventing seizing. Any surface imperfections found on the 
bars were caused by chattering during ejection—a condition that 
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could be eliminated by redesigning the dies to remove the die- 
land recesses. Examination of the dies revealed only slight evi- 
dence of die wear and galling in several instances, particularly 
but generally the dies were unaf- 
the extruded bars were 


when ejection was difficult; 
fected 
maintained to within 0.001 inch. 

Metal Flow During Sections of the split bars 
extruded with 40 and 50 per cent reductions through the 90, 
120, and 150-deg dies, showing the distortion of the inscribed 
grids, are presented in Figs.6and7. The flow patterns produced 
were of the same type as reported by Feldman for similar ex- 
periments on steel. 


Dimensional tolerances on 


Extrusion. 


90-Deg Die 120-Deg Die 150-Deg Die 
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During the initial stage of extrusion, the core of the billet 
advances into the die with practically no deformation taking 
place, whereas the peripheral fibers undergo severe axial compres- 
sion. As the billet begins to extrude, the flow becomes markedly 
nonuniform because of the action of shear stresses on the outer 
fibers. Along the axis of the bar (central grid zones), deformation 
occurs principally as simple elongation (and compression) with 
a slight amount of shear. The outer grid zones undergo an equal 
amount of elongation, but are also subjected to additional shear 
deformations, which increase in magnitude toward the bar sur- 
face. Thus, the total deformation of the outer fibers is greater 
than at the axis. This fact is clearly apparent when the lengths 
of the transverse grid-line units in the outer and central grid 


zones are compared 

The grid spacings in the bars extruded with a 40 per cent 
reduction were the same for the 90, 120, and 150-deg die angles. 
Likewise, the spacings were the same for the bars extruded with 
a 50 per cent reduction. 
displacement of the transverse grid lines increased as the die 


For each reduction, however, the shear 
angle increased. The increase in displacement takes place 
almost completely within the outermost grid zones, the four 
central zones having nearly identical shapes. Thus, it was 
apparent that, for a given reduction, the principal effect of the 
die angle on the deformation process is in the outer fibers of the 
metal. 

In addition, the following observations were made from meas- 
urements of the grid spacings in the extruded bars: 


1 Except for the initial flow portion, the grid zones were 
uniformly compressed and elongated over the cross section of the 
bar. 

2 The compression of the grid zones was proportional to the 
per cent reduction. 

3 The elongation of the grid zones was proportional to the 
extrusion ratio. 


The solid bars of Grade AMS 4900 titanium extruded with each 
reduction and die angle were sectioned longitudinally and macro- 
etched to show the grain and fiber structure. The etched 
sections of the bars extruded with a 50 per cent reduction through 
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the various dies, illustrating the typical structure, are shown in 
Fig. 8. The structures corresponded very closely with the metal- 
flow patterns obtained with the split billets, being coarsest at 
the center of the bars, where the least amount of deformation 
occurred, and finest at the bar surface, where maximum defor- 
mation took place. As the die angle increased, the structure 
near the surface of the bar became finer, but the center was un- 
affected. For a given die angle, the over-all structure became 
increasingly finer as the per cent reduction increased. The struc- 
ture at the front end of the bars, which underwent almost no 
deformation, was the same as that of the unextruded part of the 
billets. 

The annealed billet stock and the extruded bars of both un- 
alloyed grades were examined metallographically to determine 
the changes in microstructure resulting from cold extrusion. 
The typical structures are shown in Fig. 9. The structure 
of the hot-rolled and annealed billets consisted of coarse, plate- 
like grains that had been partially recrystallized. The micro- 
structures of the extruded bars exhibited a severe distortion 


Annealed Billet Stock 


250X As Extruded, 50 Per Cent Reduction 
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pattern with a much finer grain size. The grain size decreased 
as the per cent reduction increased, but was unaffected by the 
die angle. There were no significant differences in the appear- 
ance of the microstructures of the AMS 4900 and AMS 4921 
grades for a given condition of extrusion. 

Extrusion Pressure and Work of Extrusion. Pressure measure- 
ments during extrusion were made with a Bacharach hydraulic- 
pressure recorder, which measured the hydraulic pressure on the 
main ram as a function of punch travel. The pressure curves 
for Grade AMS 4900 (47,000-psi yield strength), showing the 
typical effect of extrusion reduction on the extrusion pressure 
required with 90, 120, and 150-deg dies, are presented in Figs. 
10, 11, and 12. 

The pressure curves are similar in shape to those obtained by 
Pess] and Hauttman’ for cold forward extrusion of steel, exhibiting 
the characteristic maximum during initial flow and a gradual 
decrease to a constant value. The initial flow pressure for a given 


* “Factors Influencing Cold Extrusion of Steel,”’ by H. J. Pessl and 
H. H. Hauttman, Metals Progress, vol. 64, August, 1953, pp. 69-73. 
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die angle varied with the extrusion reduction as a straight-line 
relationship for both grades of unalloyed titanium, as shown in 
Fig. 13. Increasing the die angle shifted the relationship 
toward higher values of pressure, but the slopes of the lines were 
about the same. 

The areas under the extrusion-pressure curves represent the 
total work of extrusion required for the various combinations of 
reduction and die angle. Using a polar planimeter, the areas 
under the curves (using a constant extrusion stroke of 2 inches) 
were measured and the total work and average work per unit 
volume were determined. The calculated values for the total 
and average work for the various extrusion conditions are pre- 
sented in Table 1. The effect of extrusion reduction on the 
average work per unit volume for the various die angles is shown 
graphically in Fig. 14 for both unalloyed grades. The curves 
suggest that a straight-line relationship also exists between the 
average work and per cent reduction, as was observed between 
initial-flow pressure and per cent reduction (Fig. 13). Additional 
tests would be required, however, to establish the exact relation- 
ship. 
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AND AVERAGE WORK PER UNIT VOLUME FOR 
DIE ANGLE 


120° Die Angle 150° Die Angle 


4rea 

Under 
Curve, 

in.@ 


Avg. Work 
per Unit 
Volume, 

in-1b/in.3 


Under 
Curve, 

in.@ 


Total 
Work, 
in-1lb 


Extrusion 
Reduction, 
per cent 


Ave. Work 

per Unit 

Volume, 
in-1b/in.3 


area 

Under 
Curve, 

ine? 


Ave. Work 
per Unit 
Volume, 

in-1b/in.3 


Total 
Work, 
in-lb 


Total 
Work, 
in=-1b 


Grade AMS 4900 


1.20 
1.51 
1.72 


97 500 
124,500 
138,000 
176,500 


382 ,000 
480,000 
547,000 


Grade AMS 921 


Errect or EXTRUSION ON MECHANICAL PROPERTIES 


Hardness measurements were made on the longitudinal cross 
sections of each extrusion to determine the variation in work- 
hardening occurring as a result of the differences in deformation 
between the center and the surface of the bars. To avoid the 
effects of microvariations within the bars, the hardnesses were 
measured with a Rockwell tester, using the B scale for Grade AMS 
4900 and the C scale for Grade AMS 4921. Five hardness meas- 
urements were made across the diameter at '/:-inch intervals 
along the length of the bars. Except for the initial-flow zone, 
which underwent only slight deformation, the hardnesses, both 
at the center and the surface, were uniform along the length of the 
bars. A typical hardness traverse, showing the values at the 
center and surface, is presented in Fig. 15. 

The centers of the bars were generally 10 to 20 Bhn softer 
than the surface metal, which had been more severely deformed 
during extrusion. The hardness, both at the center and surface, 


40 Per Cent Reduction 50 Per Cent Reduction 60 Per Cent Reduction 


) 
Bo 80 n2 83 | 
. . 

(50) (159) 


82 


p25 


(199) 
93 

(200) 
92.5 


94 


wo) 
Fig. 15 Harpness TRAVERSE FOR Bars or Grape AMS 4900 
Unattoyep Titanium Extrrupep Wits 90-DeG SHOwING 
TypicaL VARIATION FROM SURFACE TO CENTER 


(Actual hardness determined by Rockwell B measurements; corresponding 
Brinell hardness values are shown in parentheses.) 
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TABLE 2 
OF COLD-E 


Extrusicn 
Reducticn, 


iverage of at least 5 readines. Rockwell values ecnverted 


te Bhn, 3000-kg load. 


(a) 


(bo) Hardness measured at depth cf 1/16 inch from surface. 


increased as both the per cent reduction and die angle increased. 
This increase was small, however, as indicated in Table 2 

The over-all hardening effect produced by cold extrusion, on 
the other hand, was quite appreciable. The total hardness in- 
crease varied from 40 to 80 Bhn for Grade AMS 4900, and from 
55 to 100 Bhn for Grade AMS 4921. 

On completion of the hardness tests, the sections of each bar 
were machined into standard 0.250-in-diam tensile specimens. 
Tensile tests were conducted on a universal testing machine at a 
constant platen speed of 0.02 ipm. Yield strengths were de- 
termined from autographic data. The tensile properties of the 
bars in the various extruded conditions are presented in Tables 
3 and 4. 

The ultimate strength of Grade AMS 4900 increased from 60,- 
000 psi, as annealed, to strengths in the range of 87,000 to 97,000 
psi, after cold extrusion, with a corresponding reduction in elon- 
gation from 40.5 to about 16 per cent in 1 inch. Similarly, 
Grade AMS 4921 increased in strength from 83,000 psi to values 
in the range 109,000 to 119,000 psi, with a decrease in elongation 
from 31.5 to about 14 per cent in 1 inch. The ultimate strength 
increased only slightly as the extrusion reduction increased— 
about 3000 psi for each 10 per cent increase. Increasing the 
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TABLE 3 


MECHANICAL PROPERTIES OF GRADE AMS 4900 
UNALLOYED TITAN 


IUM IN ANNEALED AND COLD-EXTRUDED 
CONDITIONS® 


Extrusion Yield Strength, Ultimate 
Reducticn, 0.2% Offset, Strength, 
per cent psi psi 


Reduction 
in érea, Elongation, 
per cent £ in 1 inch 


Annealed Billet Stock 


47,000 60,000 65.0 Lo.5 


Extruded Through 90° Die 


Extruded Through 120° Die 
70,000 87,000 
74,000 92,500 
74,000 96 ,000 


Extruded Threugh 150° Dio 


87 ,000 
92 5500 
92 500 


50.4 
47.0 
L724 


68,000 
71,000 
61,000 


(a) Standard 0.250-inch-diameter tensile specimens. Tensile data 


are the average fer twe specimens. 


CAL PROPERTIES OF GRADE AMS 4921 

UM IN ANNEALED AND COLD-EXTRUDED 

CONDITIONS 

Yield Strength, Ultimate 

0.2% Offset, Strongth, 
psi psi 


TABLE 4 MECHANI 
UNALLOYED TITANI 


Reduction 
in frea, Elongation, 
per cent £ in 1 inch 


Extrusicn 
Reduction, 
per cent 


Annetled Billet Steck 
83,000 


70,000 L2.0 


Extruded Through 90° Die 
82,000 112,000 
82,500 114,500 
90,500 119,000 

Extruded Through 120° Die 


91,500 110,500 
115,000 
83 


117,000 
Extruded Through 150° Die 


82,500 109,000 
82,500 112,000 


31.6 
28.6 


(a) Standard 0.250-inch-diameter tensile specimens. Tensile data 


are the average fcr twc specimens. 


die angle for a given reduction from 90 to 150 deg had no signifi- 
cant effect on either strength or ductility. 


SUMMARY 


Although the experimental work conducted in this research 
was of a preliminary nature, it has demonstrated that unalloyed 
titanium can be cold-extruded successfully. The fluoride- 
phosphate coating, in combination with a suitable lubricant, 
was effective in preventing seizing between the workpiece and 
the die and in producing a good surface finish. Working pres- 
sures were comparable to those required for the cold extrusion 
of steel under similar conditions. Work-hardening during cold 
extrusion resulted in increases in strength of 25 to 60 per cent, 
yet adequate ductility was maintained. Thus, the process 
offers a means whereby unalloyed titanium can be shaped, 
without machining, and simultaneously strengthened to make it 
suitable for applications in which it might otherwise not be 
usable. 
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Discussion 


WeBER DEVoRE.” Early in 1949 we undertook research on 
the cold-working of unalloyed titanium. With certain of our 
own funds allocated to the purpose and material supplied by 
Allegheny Ludlum Steel Company, we did some work. We 
developed what turned out to be a quite satisfactory lubricant 
system which would stand up under the heavy loads involved in 
extruding the small sections of material then made available. 
We drew conclusions of its ready extrudability in the pure form 
and we reported on our work all the way from the development 
of the lubricant, the determination of the apparent coefficient 
of friction, and the loads involved in working the metal in for- 
ward extrusions to various degrees of reduction in cross-section 
area. 

The results of our work were disclosed to our friends at Alle- 
gheny Ludlum but since that time we have done very little 
further work. The references quoted in the paper are not ex- 
haustive, particularly with reference to the parallels or com- 
parisons to the cold-extruding of steel. 


G. A. Movpry." Although the technical aspects of the 
paper are interesting and certainly of value in the field of research 
and development, they are overshadowed by the necessity for 
the entrance of titanium in this field. 

The authors point out that interest in the cold extrusion of 
steel has been of particular importance. The writer wishes to 
stress the accelerating interest in aluminum-alloy cold-extruded 
configurations. 

The impact-extrusion, or cold-extrusion process, is of recent 
origin. Strong aluminum alloys until recently were not availa- 
ble in complex configurations to the aircraft design engineers. 
The close tolerances and excellent metallurgical properties of the 
impact-extrusion process, both forward and reverse, are just 
being realized and put to use in structural design. 

With the increasing use of titanium and its alloys in aircraft, 
certainly we can expect this fabrication method to be in im- 
mediate demand. 

As with aluminum alloys, tne problems of lubrication and tool 
design become the limiting factors of fabrication. The pre- 
liminary work discussed in this paper approaches these problems 
and should be of benefit toward solving the production of more 
complicated sections. 

It is suggested that efforts be made to expand this work on the 
cold extrusion of titanium so that titanium impact extrusions 
will be available for aircraft when the requirements are upon us. 
The surface has been scratched at Battelle but considerable 
additional work is necessary along the lines discussed to arrive 
at the production practices to fabricate the optimum configura- 
tions. 


1” Manager, Cold Forming Division, Heintz Manufacturing Com- 
pany, Philadelphia, Pa. 

11 Technical Director, Harvey Machine Company, Inc., Torrance 
Calif. 
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4o 67,500 90 45.3 16.5 
50 71,500 89,500 48.0 17.0 ; 
60 76,000 96 5500 L2.k 16.5 
40 50.8 17.5 ; 
50 15.0 
60 16.0 
40 17.0 
50 15.0 
60 13.5 
Lo 30.8 13.5 
50 27.5 16.0 
60 24.8 13.5 
Lo 27.5 14.0 
50 24.0 12.5 
60 17.7 12.0 
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C. T. Yana.'*? The writer wishes to congratulate the authors 
for their fine work done on the cold extrusion of titanium. It 
is a well-known fact that titanium will react or bind with other 
metals, especially at elevated temperature. In machining, 
titanium will weld onto the tool bit, and during grinding, onto 
the abrasives of the grinding wheel, if suitable precautions are 
not taken. The use of a proper lubricant to form a shielding 
film between titanium and tool bits or between titanium and 
grinding abrasives is found the most effective way to prevent 
titanium from welding onto other materials. This same reason- 
ing seemingly applies well to the cold extrusion of titanium as 
shown by the authors’ work. The fluoride-phosphate coating 
serves the same function as the proper lubricant in grinding or 
cutting of titanium. 

In grinding titanium, however, it was found by the writer and 
his colleague that barium phosphate would be the most effective 
compound’: in the grinding fluid if it could be dissolved in water. 
Unfortunately, since barium phosphate is insoluble in water, it 
cannot be used. Barium-hydroxide and barium-nitrate solu- 
tions were found only slightly less effective. Inasmuch as both 
are more effective than sodium phosphate in titanium grinding, 
they might give better results in extrusion, likewise. 

In Figs. 6 and 7 of the paper the grid distortion reveals no 
“dead corner.”’ The criterion of the existence of the dead 
corner seems still a mystery. It must have close relations with 
extrusion ratio, die angle, surface friction, extrusion speed, and 
soon. Any further work of the authors along this line will be a 


contribution of foremost importance to the field of extrusion. 


Avutuors’ CLOSURE 


The authors would like to thank the various discussers of the 
paper for their interesting comments. The early interests of the 
Heintz Manufacturing Company and the Allegheny-Ludlum 
Steel Company on the cold extrusion of titanium at a time when 
the titanium industry was in its infancy attest to the attractive- 
ness of the cold extrusion process as a fabrication technique. It 
is regrettable, however, that the results of the studies referred to 
by Mr. deVore were not published, since it would be interesting 
to compare his data with that of the present research. Re- 
garding Mr. deVore’s comments on the references quoted in the 


12 Technical Service Department, 
Motor Company, Dearborn, Mich. 

13“Tnorganic Grinding Fluids for Titanium Alloys,”” by M. C. 
Shaw and C. T. Yang, Trans. ASME, vol. 78, 1956, pp. 861-867. 


Engineering Research, Ford 
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paper, an extensive search of the literature on cold extrusion 
was made prior to this experimental program. Since, however, 
a literature survey was beyond the scope of this paper, only those 
references most pertinent to the present work were cited. A more 
complete bibliography on cold extrusion is presented in the 
report on which this paper is based. The authors would also 
like to make reference to a very exhaustive survey of the literature 
and published reports on cold extrusion that was conducted by 
Battelle for Frankford Arsenal prior to the present work.'4 
This survey has only recently been declassified and, therefore, 
was not reported earlier. 

Regarding Mr. Moudry’s comments, we agree that much ad- 
ditional work is necessary on the development of production 
practices for ultimate application of the process to titanium on a 
commercial basis. One step in this direction is the current 
research and development program on cold extrusion of titanium 
at Battelle sponsored by the Air Materiel Command. Em- 
phasis in these studies is being directed toward the evaluation 
of lubricants and coatings, forward and backward extrusion of 
hollow shapes of unalloyed titanium, and the cold extrusion 
of titanium alloys. 

Mr. Yang’s comments on the use of barium compounds as 
lubricants for grinding or cutting of titanium are appreciated. 
The fluoride-phosphate coating is essentially a complex potassium- 
titanium fluoride. It may well be that the presence of barium 
ions in the coating bath might produce a better coating and this 
is worth investigation. 

The occurrence of a ‘dead corner,” as Mr. Yang mentions, is 
definitely related in part to extrusion ratio, die angle, surface 
friction, and extrusion speed. These are the controlling factors, 
other than the strength of the metal, which determine the 
magnitude and distribution of the forces, and thus the working 
pressures, involved in extrusion. If the working pressures 
necessary to cause flow or to overcome a mechanical restraint to 
flow (such as is the case with a flat-faced die) exceed the fracture 
stress of the material, the material will shear along the surface 
of least resistance, leaving a zone of material behind in the 
extrusion chamber that has undergone little or no deformation. 


“4 “Survey Report on Shaping of Steel by Extrusion Methods,” 
by M. J. Wahll, et al., final report from Battelle Memorial Institute 
to Frankford Arsenal under Contract No. DA-36-038-ORD-10681, 
July 31, 1954. 

18 “Development of Improved Methods for Cold Extrusion of 
Titanium.’ Contract No. AF 33(600)-33540, Battelle Memorial 
Institute. 
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An Experimental Study on Chatter Vibra- 
tions in Grinding Operations 


By S. NAGOYA, JAPAN 


During the grinding process there frequently occurs a 
lateral vibration of the rotating wheel. In this experiment 
that vibration was magnified under the microscope and 
measured ona rotating film. Many modes of vibration were 
ascertained experimentally, produced by irregularity of 
the journal of the main spindle; peripheral irregularity 
of the grinding wheel; a flexible main spindle; clearance 
in the main bearing; the driving-belt seam and the flap- 
ping vibration of the driving belt on the main spindle; a 
flexible workpiece; the deflection of a grinding machine, 
and soon. The causes and the characters of these vibra- 
tions and some preventative methods were investigated. 
It has been found that a plain bearing used as the main 
bearing of a grinder is superior to a ball bearing in so far as 
prevention of vibration of the wheel is concerned. 


INTRODUCTION 


HE lateral vibration of a rotating grinding wheel fre- 

quently occurs when the grinding machine and its opera- 

tion are imperfect. Many modes of vibration can be con- 
sidered in actual shopwork. Any vibration of the grinding wheel 
relative to the workpiece is detrimental to and interferes with 
precision requirements. 

In the grinding process, those vibrations set up by somewhat 
exaggerated causes were measured by an optical method. Such 
vibration characters and some preventative methods were inves- 
tigated experimentally. 


GRINDING MACHINE USED IN EXPERIMENT 


A tool-and-cutter grinder of familiar type was used. The head- 
stock is shown in Fig. 1. The main spindle is driven by a leather 
belt in the vertical position. 

When a statical load of 13.2 lb was applied to the grinding wheel 
in the vertical and horizontal directions, the deflections of each 
part of the main spindle were measured by a dial gage. The 
elastic curves thus obtained are shown in Fig. 1. 


Meruop oF ExPERIMENT 


To measure the lateral vibration of a rotating wheel, a disk is 
fitted on the spindle near the wheel, as shown in Fig. 1, and the vi- 
bration of the wheel is judged by that of the disk. According to 
the deflection curve of the main spindle shown in Fig. 1, the de- 
flection of the wheel is about 0.8 times that of the disk. 

To measure the vibration of the disk, a ring mirror (A) with 
smoked surface was glued to the disk. Rotating the spindle 
slowly, the soot is scratched by the blade of a hand razor sup- 
ported by the stand, forming the fine line of a circular are. When 
a small segment at the top of the circle is magnified by a micro- 
scope with a vertical illuminator, a bright horizontal line is ob- 


1 Professor, Department of Engineering, Nagoya University. 

Contributed by the Research Committee on Metal Processing 
and presented at the Annual Meeting, New York, N. Y., November 
25-30, 1956, of Tue American Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, October 
5, 1955. Paper No. 56-—A-6. 
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Fic. 1 Heapstock aND oF Main SPINDLE 
served. The center of the circle coincides exactly with the axis 
of rotation of the spindle, so the horizontal line is stationary and 
is not affected in anyway by rotation of the disk. By passing 
through the cylindrical lens, the reflected light becomes a point 
on a rotating film. The magnification of the microscope used is 
about 50 times. 

To measure the horizontal vibration of the wheel, a segment of 
the circular arc on either side left or right of center is magni- 
fied by the microscope and the horizontal displacement of that 
line segment is recorded on the rotating film. 

The aluminum-oxide wheel used is 6 in. in diam X '/; in. wide. 
Its grain size is 40-mesh and the grade is P. 

A flat surface of mild steel */, in. wide and 12 in. long clamped 
on the table is ground under the revolving grinding wheel. 


REsuLts OF EXPERIMENT 


Vibration per Revolution of Grinding Wheel. Fig. 2 shows the 
vertical vibration of the grinding wheel at 77 revolutions per sec 
(rps) when the wheel was rotated without grinding. We can see 
one large amplitude of vibration and another small one on defi- 
nite parts of the periphery in each revolution. These amplitudes 
are decreased as the revolutions decrease, as shown in Figs. 3 and 
4. 

It was ascertained that both the wheel and the measuring disk 
were well balanced but that the journal had an irregularity in two 
different parts of its periphery. We found by refitting the jour- 
nal to closer contact with the bearing lining that this vibration 
could be eliminated entirely. The occurrence of such vibrations 
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Fig. 5 Patrrern on Grounp SuRFACE 


Vibration Due to Seam in Leather Belt. A seamless silk belt is 
preferable for driving the main spindle. It is well known that 
when a leather belt is used with ends seamed by a metal “alliga- 
tor,’’ a severe shock and a peculiar sound are produced. 

Employing a leather belt with a metal alligator, a grinding 
operation is made, and the vertical vibration of wheel is measured, 
as shown in Fig. 6. Vibrations of wheel per revolution caused by 
irregularities in its periphery are exactly regular and the ampli- 
tude is almost the same at each revolution. 

However, on closer observation of the vibration, we find the 
amplitudes in parts A and B to be slightly larger than those in 
other parts. To bring this difference out clearly, photographs of 
vibrations in parts A and B were enlarged three times, as shown 


WORK SPEED 0.05*/ SEC. 


Fies. 6-8 VerticaL VispRATIONS OF WHEEL To IRREGULARITIES OF WHEEL PERIPHERY 


Fic. 9 HorizontTat VIBRATION OF WHEEL 


in actual shopwork may be presumed. The characteristic of am- 
plitude increase with revolution increase resembles that of vi- 
bration caused by wheel unbalance. 

As a test, a large irregularity was made on the wheel periphery, 
the result being that a regular vibration occurred at every revolu- 
tion. The faster the revolutions, the greater was the increase in 
amplitudes. Because of wheel and spindle inertia, when the 
wheel was turning at 78 rps, the vibration of the wheel had a 
time lag of about 0.003 sec behind the phase of the irregularity. 

In this experiment because the main bearing has a large clear- 
ance, namely, 0.0016 in., the amplitude of vibration is large. By 
adjusting the main bearing so as to have small clearance, the vi- 
bration can be lessened considerably. Vibrations resulting from 
unbalance are likely to appear when the main bearing has large 
clearance. 

When the wheel has some irregularities on its periphery and the 
work speed is fast, a perceptible pattern is produced on the fin- 
ished surface, as shown in Fig. 5. The pitch of the pattern coin- 
cides well with the length of ground surface per revolution. 


in Figs. 7 and 8. The amplitudes in A and B are larger by about 
20 per cent (0.0003 in.) than those in other parts. 

The period of revolution of the metal alligator corresponds to 
the interval between parts A and B. Therefore it can be pre- 
sumed that the increase of amplitude in parts A and B is caused 
by the shock of the alligator on the pulley. 

In the same grinding operation, the horizontal vibration of the 
wheel was also measured, as shown in Fig. 9, where all the ampli- 
tudes of vibration at every revolution are quite the same. 


Fic. 10 Parrern on GrounpD SuRFACE 
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In this grinding operat’on, a parallel pattern is produced on the 
ground surface, as shown in Fig. 10. It was ascertained that the 
period of alligator revolution was in good agreement with the pe- 
riod producing the pattern. 
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most identical, that is, about 400 per sec, and 
are not affected by wheel revolution. 

Fig. 13 shows that when the depth of cut is 
increased, the frequency of vibration increases 
to about 550 per sec. Fig. 14 shows that when 
an unsymmetrical wheel is used, the amplitude 
is large and the frequency is as small as 430 
per sec. It is observed that when the wheel 
area in contact with the workpiece is increased, 
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a 
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Figs. 11-15 Horizontat Viprations Or WHEEL Dve TO FLEXIBLE MAIN SPINDLE 
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The chatter due to the alligator is likely to appear in actual shop- 
work because the period of the belt alligator is usually slow. 
It is known that the belt for driving the main spindle must be 
seamless. 

Vibration of Wheel Caused by Flexible Main Spindle. The 
curves in Figs. 11 and 12 show the horizontal vibrations of the 
wheel when the grinding operations were made at a wheel speed of 
25 and 37 rps with work speed at 1.36 ips. In these figures, a fairly 
regular vibration is obvious, and the frequencies in both are al- 
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the frequency of vibration increases. 

When the speed of the wheel is 50 rps, 
the vibration can hardly be The 
absence of vibration is considered due to a 
minimum grinding force at favorable high 
grinding speed or to the gyroscopic effect 
caused by increase in wheel revolutions. 


seen. 


0.0008” 


Figs. 17-19 show the vertical vibrations of 
the wheel which are similar to those seen in 
the horizontal direction. It is considered that 
the grinding wheel vibrates in an oblique di- 
rection and that the frequencies of the vibra- 
tions in the horizontal and vertical directions 
50/ SEC. are the same. 
0.0008” At the high speed of 76 rps, that is, grind- 
ing speed 109 fps, there is no vibration as in 
the horizontal direction. 

The free horizontal vibration caused by an 
impact on the wheel was measured as shown 
in Fig. 16. Here the free-damping vibration 
is not so clear, but it is possible to estimate 
the natural frequency as 270 per sec. 

On the other hand, the natural frequency 
of the main spindle is computed from its 
elastic-deflection curve shown in Fig. 1, by 
which it was ascertained that this value co- 
incides well with 270 per sec. 

It is considered that when the wheel leaves the work frequently 
during the grinding operation because of the out-of-round wheel 
and the small depth of cut, the frequency becomes less and ap- 
proaches the natural frequency of 270 per sec. Then the vibra- 
tions, described in the foregoing, are regarded as those concerned 
with the natural vibration of the main spindle. 

The cause of these vibrations has not been ascertained, but 
they might result from natural vibrations excited by numerous 
irregular grinding forces. 

Next, when the wheel has any irregularities on its peripheral 
surface, the grinding force fluctuates, and, when the fluctuation 
coincides with the natural frequency of the main spindle, the am- 
plitude of vibration becomes larger. As a test, 12 irregulari- 
ties of equal pitch are made on a wheel periphery. Using this 
wheel, grinding operations are carried out at various revolu- 
tions, during which vertical vibrations of the wheel are measured, 
as shown in Figs. 20-24. As indicated, the wheel vibrates 12 
times during each wheel revolution. A severe vibration takes 
place at 26 rps. The frequency of this vibration is 312 per sec. 
which almost coincides with the natural frequency of the main 
spindle. 

On the other hand, when the workpiece has a fairly prominent 
natural frequency, the same phenomenon can be expected. A 
square rod of mild steel, one end of which was held stationary by a 
clamping plate, was used as the workpiece. Fig. 25 shows the 
free vibration of the workpiece. The natural frequency is about 
400 per sec. 

Now, grinding operations were made on the workpiece with a 
wheel having 12 irregularities along its periphery. Figs. 26-29 
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Fie. 25 Free Vertical VIBRATION OF WORKPIECE 


Fias. 26-29 VertTicaL VIBRATIONS OF WHEEL AND WORKPIECE Due 


TO IRREGULARITIES OF WHEEL PERIPHERY 


show these vibrations. In these figures, the upper curve (a) is 
the vibration of wheel and the lower curve (b) is that of the 
workpiece. In the figures the wheel vibrates 12 times at each 
revolution. A large amplitude of vibration of the workpiece has 
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taken place in Fig. 28. In this case the fluctuation of grinding 
force is 420 per sec and this value almost coincides with the 
natural frequency of the workpiece. 

Vibration Related to Clearance of Main Bearing and Most Favora- 
ble Direction of Driving Belt. Fig. 31 shows the vertical vibra- 
tion of the wheel when the bearing has clearance as large as 0.0016 
in. The upper curve indicates the vibration of the wheel during 
the grinding process, and the lower is the curve without grinding. 
The amplitude of vibration is comparatively small and the vibra- 
tion is similar to that where the bearing has small clearance. It 
is presumed that the main spindle of the headstock is drawn up by 
the belt tension and the greater clearance is in the lower half of 
the bearing. Thus when the directions of grinding force and belt 
tension are nearly the same, the degree of clearance has almost no 
influence on the vibration of the wheel. 

Next, grinding operations are made under conditions in which 
the direction of grinding force is opposed to that of belt tension, 
as shown in Fig. 30(B). Fig. 32 shows the vibration obtained un- 


Fic. 30 Directions or Drivinc BELT 

der the condition where there is a clearance of 0.0016 in. In this 
grinding operation, the wheel vibrates below the horizontal line, 
showing the situation of the wheel without grinding. Here the 
amplitude of vibration is somewhat larger when compared with 
those shown in Fig. 31. It is presumed that the grinding force is 
still less than the belt tension. 

Now, the belt tension was decreased about two thirds of that in 
the previous experiment and the same grinding operation carried 
out as shown in Fig. 33, where the amplitude is very large when 
compared with that shown in Fig. 31. 
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Furthermore, the greater the amplitude, the smaller the fre- 
quency of vibration, and the effect of clearance on the frequency is 
clearly observed. Fig. 34 illustrates an experiment in which 
grinding is done with a wheel having two irregularities directly 
opposite on its periphery. Two considerable amplitudes of wheel 
are seen in one revolution. 

Next, the driving belt on the main spindle is used in a horizon- 
tal position as shown in Fig. 30(C). In this case it was ascer- 
tained that the vibration due to centrifugal force is likely to be 
caused by unbalance of the wheel. 

Then it is preferable that the direction of belt tension be made 
to coincide with that of the grinding force, as shown in the upper 
part of Fig. 35. When the belt pulley is fixed to the end of the 


BELT TENSION 


Fic. 35 Directions or GrinpiINc Force TENSION 
main spindle, as shown in the lower part of Fig. 35, the wheel dis- 
placement attributable to grinding force is opposed to that due to 
the belt tension. This construction is not suitable in so far as pre- 
vention of vibration of the wheel is concerned. However, there 
is some difficulty in constructing the type of headstock shown in 
the upper part of Fig. 35. For that reason the type shown in the 
lower part generally has been used. 

It is most desirable that the belt transmit to the main spindle 
only the revolutions and not the belt tension. This is a most im- 
portant detail for any design of grinding machine. Therefore a 
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direct motor drive to the main spindle is more frequently used in 
precision machines. 

Horizontal Vibration of Machine and Flapping Vibration of 
Belt. Figs. 36-39 show the horizontal vibration of the grinding 
wheel when it is rotated by a horizontal belt. A somewhat irregu- 
lar vibration can be observed. Its frequency is not affected by 
the revolution of the wheel and is about 27 per sec. In Fig. 37 
the period of vibration almost coincides with that of revolution of 
the wheel and the amplitude is large. In Fig. 39 the vibration 
per revolution is prominent, and also the vibration with a period 
of 3'/2 revolutions of the wheel can be seen. 

When the main spindle is not rotated, a natural vibration of 
headstock is obtained as shown in Fig. 40, and the natural fre- 
quency is about 25 per sec. This frequency is slightly less than 
that of the vibrations shown in Figs. 36-39. 


Fic. 40 Free Larerat VIBRATION OF MACHINE 


When statical loads of 22 and 44 lb are applied to the spindle 
horizontally, the deflection of the machine is measured along its 
vertical as shown by a full line in Fig. 41. Here the deflection 
is increased where the base and column are united and where the 
column and headstock are joined. It is seen that the concrete 
base is deflected slightly. The concrete base of the machine is 
separated from the concrete floor by a groove around its base. 
Three iron wedges are forced into each of the four side grooves and 
the deflection of the machine is measured as shown by the broken 
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line. The deflection of the broken line decreases about 20 per 
cent compared with that of the full line. The natural frequency 
increases to 28.5 per sec. In the grinding process the frequency 
of vibration is increased to 30 per sec. Therefore it is clear that 
the vibration shown in Figs. 36-39 is caused by the deflection of 
the machine as a result of the tension of the horizontal driving 
belt. 

The working belt usually causes a more or less flapping vibra- 
tion, the periods being fairly regular. This vibration is presumed 
to be more or less related to the vibration of the wheel. Then the 
flapping vibration is examined by the method shown in Fig. 42. 


pr c 
i AM 


Fic. 42 Measvurinc Metuop For FLAPPING VIBRATION OF DRIVING 
BELT 


The light from source A; passes through a vertical slit S, and is re- 
flected by mirror M,. The reflected beam crosses the side surface 
of the upper belt as shown in the figure, and the shadow of light 
made by the belt was measured on a rotating film. Then the 
beam is interrupted at its various parts corresponding to the 
flapping vibration of belt. Therefore the flapping vibration can be 
measured on the rotating film. The leather belt is 1.3 in. wide 
and 0.16 in. thick. 

Fig. 43 shows the record of belt-flapping vibration obtained by 
the method described when the speed of the wheel is 29 rps. The 
upper curve in the figure is the vibration of the slack side. The 
vibration has just two frequencies in one revolution of the belt. 
The lower curve in the figure is the vibration of the tension side. 
A fairly regular vibration with a frequency of about 14 per sec is 
seen. 

It can be considered that the belt tension fluctuates twice in 
one period of the lateral vibration because its tension becomes 
maximum at the highest and lowest positions of its vibration. 
Then the fluctuation of tension of the tension side is considered 
to have a frequency of 28 per sec. This frequency is in fair ac- 
cord with that of vibration shown in Figs. 36-39. Then the 
flapping vibration of the belt is considered to be caused by the vi- 
bration of the headstock. 

Next the belt is adjusted so that the tension is much less than 
that in Fig. 43. The frequency is decreased to 12.5 per sec, 
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which decrement is comparatively small. If the vibration shown 
in Fig. 43 were caused by natural vibration of the belt itself, the 
decrement must be much larger. 

In workshops we frequently meet with the condition in which 
a driving belt is tensed too much, producing severe vibrations in 
machine parts. Therefore care must be paid to belt tension, par- 
ticularly when the machine is not sufficiently rigid. As for the 
belt, the seamless type of lightest weight is most suitable. 

Main Bearing of Headstock. The main bearing used in the 
foregoing experiments is in an extremely poor condition. The 
middle part of the journal had become depressed through wear 
and only the two ends contacted the lining. 

Close contact of journal with lining was obtained by finishing 
both surfaces carefully. The bearing is so adjusted as to have 
small clearance. The belt is driven vertically. The wheel periph- 
ery is trued by a diamond tool. Under such favorable circum- 
stances, grinding operations are made at various revolutions and 
vertical vibrations of the wheel are measured as shown in Figs. 
45-49. In Figs. 46-49, no vibration caused by flexible main 
spindle can be seen. Only in Fig. 45 can a slight vibration be ob- 
Then the degree of journal contact with the lining has a 
great influence on the occurrence of vibration. 

In general, a plain bearing and a bal! bearing are both used as 
the main bearing of a grinding machine. The following experi- 
ments were carried out to compare wheel vibrations of head- 


served. 


stocks with plain and ball bearings. 

A headstock with a ball bearing was built, as shown in Fig. 48. 
The main spindle is made of hard steel of a size nearly equal te 
that shown in Fig. 1. Two bearings with a 1-in. inner race are 
used for the main bearing and two bearings with a 0.67-in. inner 
race are used for the backbearing. 

To test the rigidity of this headstock, statical load of 13.2 lb is 
applied to the wheel and the deflection of the main spindle is 
measured, as shown in Fig. 50. The deflection is almost the same 
as that shown in Fig. 1 

Using this headstock, grinding operations are made under the 
same condition as shown in Figs. 45-49, and the vertical vibra- 
tions of the wheel are measured, as shown in Figs. 51-55. In 
these figures, the vibration of the wheel caused by the flexible 
main spindle occurs in large amplitude. 

When a ball bearing is used as a part of a machine tool, the pre- 
loading is frequently made on a ball bearing. To give an effect 
similar to the preloading on the ball bearing, the size of the spindle 
is made slightly greater than the dimension of the inner race and, 
in the fitting process of the spindle to the inner race, a slight elastic 
expansion of the inner race is given. 

The rigidity of this main spindle is shown in the lower part of 
Fig. 50. The magnitude of deflection is about 20 per cent less 
than that of the previous headstock. Using this headstock, 
grinding operations were made at various revolutions and the 
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vertical vibrations of the wheel were measured. The amplitudes 
in these tests were a little smaller and the frequency a little larger 
than those in Figs. 51-55. 

But these amplitudes were much larger than those where the 
headstock has a plain bearing. Consequently, the headstock with 
a ball bearing is more likely to cause vibration of the wheel than 
the headstock with a plain bearing. 

To compare the damping capacity of each main spindle, Figs. 
56, 57 show the free vibrations of the wheel of the headstocks with 
plain bearings and.ball bearings, respectively. In the headstock 
with a ball bearing, the damping capacity of the main spindle is 
very little when compared with that of a headstock with a plain 
bearing. 

In so far as prevention of wheel vibration is concerned, a plain 
bearing is superior to a ball bearing. 


CoNCLUSION 


The wheel vibration which frequently occurs in practical grind- 
ing process was measured by an optical method, and many 
types of vibrations were investigated experimentally. 

The causes and the characters of those vibrations and some pre- 
ventative methods were ascertained. 


Discussion 


R. S. Haun.? The novel way in which the author has shed 
light on grinding-machine vibrations is most illuminating. 
Vibrations of grinding machines are becoming more important 
as the demands for high degrees of precision and surface finish 
increase. The author is certainly to be encouraged to continue 
his interesting work. 

There are several comments the writer would like to make. 
Under the section entitled Vibration per Revolution of Grinding 
Wheel, it is not clear why chatter marks occur on the workpiece, 
Fig. 5, at a spacing corresponding to every revolution of the 
wheel, unless (a) the wheel was dressed by a diamond at some 
point other than the point of contact between wheel and work or 
(b) unless the diamond point was in a state of vibration relative 
to the workpiece during the dressing process. A wheel mounted 
on an out-of-round spindle should run perfectly true at the 
point where it was dressed. The point of dressing also should 
run true independently of unbalance, unless, of course, the 
amount of unbalance changes during the dressing process. Per- 
haps the author can shed some light on the dressing procedure 
and why the “once per rev’’ pattern is formed. 

Regarding vibration caused by belts, the writer has also run 
into this source, even with commercially used V-belts. 

Another question the writer would like to ask pertains to the 
vibration-measuring equipment. Was the light-receiving film 
mounted on the frame of the machine, on the floor adjacent to 
the machine, or seismically? 

The excitation of the mode shown in Fig. 41 by the flapping of 
the belt provides an interesting illustration of instability caused by 
variable elasticity. The string with variable tension as de- 


2? Consulting Engineer, The Heald Machine Company, Worcester, 
Mass. Mem. ASME. 
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scribed by den Hartog? is similar to the flapping belt and leads 
to Mathieu’s equation. One can readily see how unstable re- 
gions can occur as the belt tension is gradually increased in the 
presence of pulleys or sheaves which are vibrating or “running 
out.”’ 


H. C. Wermar.‘ From the author’s rem urks and the damping 
curves of plain-bearing versus ball-bearing spindles, Figs. 56 and 
57, respectively, one could easily get the impression that anti- 
friction bearings are, in principle, unsuited to grinding spindles. 

It is conceded that in case of a spindle design such as shown 
in Fig. 50, having considerable overhang of the wheel and flexi- 
bility between the bearings, the lower damping factor of the ball 
bearings would be quite serious. 

However, if an antifriction-bearing spindle is designed with 
sufficient rigidity and short overhang of the wheel, so as to assure 
a high natural frequency, then even a small damping factor keeps 
the amplitude of vibration well within permissible limits for most 
grinding conditions. 


AvuTHOoR’s CLOSURE 

The author wishes to thank Dr. R. S. Hahn and Mr. H. C. 
Weimar for their valued comments. 

Dr. Hahn asks about the chatter marks per revolution of wheel 
on the workpiece. When the diamond dressing was not done over 
a long grinding process, the periphery of wheel gradually wore 
down to form an eccentric circle. The chatter pattern (Fig. 5) was 
produced when the wheel having an eccentric of periphery about 
0.001 in. was used. 

Concerning the belt, even with V-belt, the size may not be uni- 
form. If there is conspicuous irregularity of size in any part of 
belt, it might cause the same vibration of wheel as if the irregu- 
larity were the seam of a flat leather belt. Further, I think that 
the characteristic of the flapping vibration of belt (Figs. 43, 44) 
would be the same even with V-belt. 

To isolate the vibration-measuring equipment from the seismic 
machine, the microscope which magnified the disk vibration was 
fastened to the angle plate which was mounted on the heavy sur- 
face plate having four legs. The surface plate was situated on 
the concrete foundation separated from that of the grinding 
machine. The light-receiving film was also mounted on another 
angle plate which was situated on the concrete foundation. 

As Dr. Hahn points out, the excitation of the mode shown in 
Figs. 36-39 by the flapping of belt provides an instability caused 
by variable elasticity. 

Concerning the remarks of Mr. H. C. Weimar, I should say my 
description may not be suitable if it gives the impression that an- 
tifriction-bearings are unsuited to grinding spindle. It is well 
known that the antifriction-bearing has many excellent proper- 
ties, especially in the case of high revolution of spindle. The anti- 
friction-bearing, however, has a smaller damping factor than that 
of plain bearing. Therefore when the antifriction-bearing is de- 
signed, a sufficient rigidity of spindle and short overhang of the 
wheel is preferable. 

3**Mechanical Vibrations,’”’ by J. P. den Hartog, McGraw-Hill 
Book Company, Inc., New York, N. Y., third edition, 1947, 412 pages. 
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On the Basic Mechanics of the 


Grinding Process 


By W. R. BACKER! ano M. E. MERCHANT,? CINCINNATI, OHIO 


New geometrical concepts of grinding are presented and 
combined with metal-cutting principles to predict grind- 
ing forces. Experimental evidence is used to show the de- 
pendence of grinding mechanics on three fundamental 
variables, the length and cross-sectional area of the unde- 
formed chip, and the cutting speed. These same three 
variables are shown to have no effect on grinding ratio, the 
wheel wear varying only with the metal removed for the 
test conditions employed. Variations in grinding ratio 
from run to run are found to have a distribution in line 
with tool-life tests for other machining operations. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
A= 


instantaneous undeformed cross-sectional area of mean 
chip, measured in plane normal to cutting velocity 
maximum undeformed chip area for any given set of con- 
ditions 
= projection of A in a surface parallel to freshly cut surface 
= exponent in relationship between specific energy and chip 
thickness 
average instantaneous width of mean chip 
number of active cutting grits per unit area of wheel face 
exponent in relationships between chip dimensions and 
distance along grit-work contact path 
wheel diameter 
work diameter 
instantaneous wheel depth of cut 
= total wheel depth of cut, or infeed per revolution of work 
frictional force on face of mean grit 
infeed rate 
= constants of proportionality, assigned subscript numbers 
in their order of introduction in the paper 
distance along grit-work contact path measured from 
point of wheel-work tangency 
total or maximum contact-path length, equal to unde- 
formed chip length 
= normal force on face of mean grit 
radial force on wheel 
resultant force on wheel 
tangential force on wheel 
tangential force on mean grit 
instantaneous undeformed chip thickness 
instantaneous specific energy of metal removal 
effective specific energy 
peripheral wheel speed 


v = peripheral work speed 


1 Senior Research Engineer, The Cincinnati Milling Machine Com- 
pany. Assoc. Mem. ASME. 

? Assistant Director of Research, The Cincinnati Milling Machine 
Company. Mem. ASME. 
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the Society. Manuscript received at ASME Headquarters, July 25, 
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w width of cut 
6 = grit-work contact angle referred to wheel 
rea) grit-work contact angle referred to work 


INTRODUCTION 


The mechanics of grinding is concerned with the geometry and 
kinetics of the wheel-workpiece interaction. During the period of 
interaction, metal is removed from the workpiece and the abra- 
sive in the wheel experiences wear. Past research in grinding me- 
chanics has not included effects on wheel wear, while wheel-wear 
studies have been conducted in terms of machine settings rather 
than fundamental mechanical variables. In this paper, the me- 
chanical aspects of grinding and their effect on the grinding ratio 
will be considered. 

The general status of grinding theory has been summarized by 
Letner (1),? while the most significant recent contribution to the 
field of grinding mechanics is the work of Reichenbach, Mayer, 
Kalpakcioglu, and Shaw (2). Reichenbach, et al., developed the 
kinematics of grinding and presented empirical evidence corrobo- 
rating and amplifying the earlier work of Marshall and Shaw 
(3) and Backer, Marshall, and Shaw (4). In particular, they em- 
phasized the importance of chip thickness in the mechanics of 
grinding. A subject closely allied to grinding mechanics is the 
temperature found in the wheel-workpiece contact region. Out- 
water and Shaw (5) and Littmann and Wulff (6) have reported on 
this topic, indicating peak temperatures on the order of the melt- 
ing point of the workpiece metal. 

GEOMETRY 

The desired quantities in grinding geometry are the size and 
shape of the average undeformed chip. This chip configuration 
can be found from the kinematics of the wheel-workpiece motions 
and continuity considerations concerning area generation and 
metal-removal rate. For convenience and simplicity, external 
cylindrical grinding under precision-machine-grinding condi- 
tions will be considered here. Surface or internal grinding can be 
handled by the same formulas if the workpiece diameter is con- 
sidered infinite or negative, respectively. Fig. 1 is a diagram 
illustrating the process being studied and the undeformed chip 
geometry. The following assumptions are applicable in precision- 
machine-grinding operations based on this figure, the numerical 
values being applicable to the tests discussed later: 


1 The work speed is small compared to the wheel speed 
(<3 per cent). 

2 The total length of the grit-workpiece contact path (the 
undeformed chip length) is small compared to the wheel or work- 
piece diameter (<0.7 per cent). 

3 The wheel depth of cut (infeed per revolution) is small com- 
pared to the wheel or workpiece diameter (<0.02 per cent). 


It also will be assumed that there will be a distriljution of active 
grits on the wheel face of C points per unit area, for a given wheel 
and dressing. 

The instantaneous location of a grit in contact with the work- 
piece can be defined by the angles @ and ¢. At this point, the grit 
is a distance 1 along its contact path from the point of wheel- 


* Numbers in parentheses refer to Bibliography at end of paper. 
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(b) 


GRINDING GEOMETRY 
Mean undeformed chip geometry.) 


Fie. 1 
(a) Cylindrical grinding setup. (b) 


workpiece tangency, and at a normal distance d from an extension 
of the freshly formed surface. The equation for / can be shown to 
be 


The cross-sectional area of the undeformed chip at this point is 
measured normal to the cutting-velocity vector. The projection 
of this area in a plane (or cylindrical surface) parallel to the work- 
piece surface occupies an area 

A 

The rate of area generation parallel to the workpiece surface is 
vw, and the number of chips per minute is VCw. For area genera- 
tion continuity 

A 
= 
sin (9 + 


rey 


The following group of equations is derived from the geometry 
of Fig. 1 and the assumptions listed 


D 
sin = — 
sing = 


21 
Combining these equations into Equation [3} gives the following 
solution for A 


To satisfy the conditions of volume continuity, the volume of 
the mean chip times the rate of chip generation must equal the 
metal-removal rate 
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The value of A from Equation [4] satisfies this requirement. 
Equation [4] indicates that, for a given set of grinding conditions, 
the cross-sectional area of the chip increases linearly along the grit- 
workpiece contact path. This modification of earlier grinding- 
geometry analyses was suggested by Backer in his written discus- 
sion of reference (2). 

The shape of the undeformed chip cross section cannot be de- 
termined readily. It might be assumed that the chip will be 
shaped the same as the radial projection of the mean abrasive 
grit. Three suggested forms are shown in Fig. 2. These forms can 
be used, assuming chip dimensions small compared to grit dimen- 
sions, in conjunction with Equation [4] to give the following 
formulas for instantaneous undeformed chip thickness and the 
corresponding mean width: 


(b) (c) 


Errect or Grit GEOMETRY ON CHIP SHAPE 
t = K,l'/*| 
Fig. 2(a) 4 
= 
b = K,l' ‘af 


Fig. 2(b) 1 


jt = K;l| 
\b = Ks 


Fig. 2(c) < 


A general equation can describe any of these forms as follows 
[10] 


fT .. 
b = Ql'-~, 


where 


The diagrams in Fig. 2 and 
Equations [6] to [10] can be used to 
illustrate what might be expected 
to happen to chip form with attri- 
tious wear of the grits. The sharp 
grit in Fig. 3 is shown in stages of 
wear in which its projected shape 
goes from triangular to circular to 
rectangular, indicating a value of 
the exponent c starting at 0.5 and 
approaching unity. 


Fic. 3. Errecr or ATTRI- 
TION ON GriT GEOMETRY 


GRINDING KINETICS 


Fig. 4 is a schematic diagram of a section through an abrasive 
grit as it removes achip. The radial and tangential forces the grit 
exerts on the metal are balanced by the normal and frictional 
forces the chip places on the grit. For a given effective rake 
angle, the ratio of radial to tangential force is indicative of the 
coefficient of friction on the grit face. The magnitude of the tan- 
gential force itself can be related to the specific energy of metal 
removal 
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hic.4 Force System on Mean Grit 

Since the mean effective rake angle is unknown, the specific 
energy and the ratio of radial to tangential force may be con- 
sidered the two fundamental parameters of grinding kinetics. 

In metal-cutting operations, the specific energy is found to vary 
very little with the width of the cut, but it does increase with de- 
creasing chip thickness. This size effect was investigated by 
Backer, Marshall, and Shaw (4), and has been written by many 
researchers [see, for example, Shaw and Oxford (7)] in the follow- 


ing form 


[12] 


The value of a in metal cutting is about 0.2. The specific en- 
ergy also tends to decrease with increasing cutting speed, as the 
result primarily of a reduction in tool-chip interface friction at 
higher speeds. 

The thickness of a chip in grinding starts at zero and increases 
with the distance along the grit-workpiece contact path per 
Equation [9]. The effective specific energy for the over-all chip 
must thus be found by integration as follows 


uAdl 
sa 
0 


Further, the frequency f of chips of any given size s in a sample 
of swarf will be related to s by some statistical-distribution equa- 
tion. The true-mean-effective energy can only be found after 


another integration 


Since the relationship between f and s is unknown, it must be 
assumed that the active grits are uniformly spaced on the wheel 
face so that u, equals @,. 


PRELIMINARY EXPERIMENTS 


A series of tests was run to show the magnitude and distribution 
of grinding mechanics and wheel-wear data. Two grinding-force 
components and radial wheel-wear measurements were taken in a 
cylindrical plunge-grinding operation using the equipment and 
techniques described by Backer and Krabacher (8). The test 
conditions were as follows: 


Workpiece size: 4 in. diam X 0.5 in. face at start 

Grinding wheel: Semi-friable aluminum oxide, A60-J6-V, 12 in. X 
lin. X 5in. 

Wheel speed: 1910 rpm 

Work speed: 100 rpm 

Infeed rate: 0.005 ipm 

Fluid: Chemical emulsion type, 100:1 
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Dressing conditions: Diamond-impregnated carbide dresser, 1910 
rpm wheel speed, 10 ipm traverse, 0.001 in. 
pick feed 

The following two workpiece materials were tested to show the 

scatter in the data with each, and any significant differences in 
grinding action between them: 

1 Steel—81B45, 50-52R,, tempered martensitic structure 

2 Cast iron—3 per cent C, 130-160Bhn, type A size 4 graphite 

flakes, predominantly medium pearlite 

The workpieces of each material were from a common bar, and 

the runs with each were alternated. Force readings were taken 
during 0.010 in. of metal removal from the diameter, then the 
wheel wear was checked. Ten such points were taken in each 
run to find the grinding ratio. A total of 15 runs was made, pro- 
viding 150 readings of forces and 15 grinding ratios for each metal. 
A standard regression analysis of the data, followed by computa- 
tion of the effective specific energy and force ratio, yielded the 
data summarized in Table 1. Statistical analysis of the total data 
produced the values in Table 2. 


TEST 
coef- ue, 
in-lb /in.* 
x 10-8 


SUMMARY OF PRELIMINARY DATA 
Correlation 
ficient, wheel wear 
vs. metal removed 


TABLE 1 


Grinding 
Workpiece ratio 


Steel 


DON 


Cast iron 


RESULTS OF ANALYSIS OF PARENT DATA OF TABLE 1 
No. of Iron—— 
Quantity ana'vzed points Std. dev. 
Grinding ratio..... 15 ¢ 2¢ 24 
ue, in-lb/in.? X 10°* 150 1 1.7 


TABLE 2 


Under these test conditions, the effective specific energy is the 
same for both materials, despite their different composition, 
microstructure, and hardness. This is in keeping with the find- 
ings of Marshall and Shaw (3), who noted no effect of workpiece 
hardness on power consumption. Any small reduction that might 
have resulted was balanced by the higher friction between 
the grit and the chip with cast iron, indicated by the very sig- 
nificant difference in force ratio. The values of the force ratio, 
interpreted in light of tool-face friction when turning with ce- 
mented-oxide tools, suggest that the effective mean rake angle of 
the grits is roughly —30 deg. 

The wheel-wear data verify the linear relationship between wheel 
wear and metal removed, reported by Backer and Krabacher (8). 
This lends support to the definition of grinding ratio as the re- 
ciprocal of the slope of the wear curve, the interpretation used in 
reporting the values given here. The linearity between wheel 
wear and metal removed is shown by the high correlation coeffi- 
cients in Table 1. The standard deviation of the slope of the in- 
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108 0.99 96 
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187 0.96 49 ~ 
115 0.99 43 
95 0.98 36 
122 0.90 38 
122 0.99 45 
114 0.99 37 
169 0.96 53 
128 0.99 44 
126 0.99 62 
147 0.98 16 
109 0.98 is 
115 1.00 35 
122 099 44 
113 0.99 57 
f fds 
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dividual runs was typically 7 per cent of the slope. On the other 
hand, the standard deviation of the various grinding ratios was 
about 16 per cent of the mean for steel. This suggests that the 
experimental methods are powerful, but that run-to-run varia- 
tions must exist in the experiment. The most obvious cause of 
this is the wheel dressing, although machine and instrument set- 
tings, too, cannot be reproduced exactly. In any case, the dif- 
ference in grinding ratio for steel and cast iron in these tests was 
of very low significance. 


Test ConpiTIONS AND RESULTS 


The preliminary investigation revealed that small differences in 
grinding ratio under various mechanical actions could not be as- 
certained reliably without an excessively long test program. On 
the other hand, variations from point to point in one run should be 
easily detectable. If the value of the independent variable is 
raised after each wear measurement, a wear curve of changing 
slope should result. Tangents to that curve give the grinding ra- 
tios appropriate to the instantaneous cutting conditions at their 
point of tangency. A conventional wheel-wear curve has the 
form shown in Fig. 5(a). Fig. 5(b) shows a hypothetical wear 
curve with points taken with different values of a mechanical 
variable z. Fig. 5(c) is the interpretation of the wear curve in 
terms of the effect of z on grinding ratio. For example, suppose z 
represents work speed. The seven points in Fig. 5(b) are taken 
by removing a certain volume of metal at 50 fpm to get the first 
point, an equal additional volume at 60 fpm before the second 
measurement, at 70 fpm for the third, and so on. The rate of 
wheel wear increases with each step, as shown in Fig. 5(b). Now, 
the slope of this curve is measured at each point, and its recipro- 
cal is the appropriate instantaneous grinding ratio. Fig. 5(c) 
would now represent the effect of work speed on grinding ratio. 
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Fie. 5 INTERPRETATION OF WHEEL-WEAR DaTAa 


An experiment designed on this basis was carried out to test the 
affects of fundamental mechanical variables on grinding ratio, as 
well as to explore the kinetics of the grinding process. The varia- 
bles to be studied were chosen on the following basis: 


1 The force on a grit might determine the rate of wheel wear. 
It is best varied, according to Equation [11], by changing the 
mean cross-sectional chip area. 

2 The time of grit-metal contact might be important since 
temperatures will rise with time. This can be changed by using 
various chip lengths. 
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3 The cutting speed is a basic variable affecting friction and 
temperature. Grit-metal contact time is reduced at higher speeds, 
yet temperatures increase with speed. 


The selected variables /,,, A,,, and V are found to relate to the 
machine settings as follows 


Using these equations, an experiment can be designed in which 
any one of the three can be varied while the other two remain fixed. 

Grinding tests were run with ten even steps of variation for 
each basic parameter, the others being constant, according to 
the schedule Table 3. The three wheel-wear curves from this 
schedule were obtained for each of five wheels varying only in 
grade. This was done to explore relationships between bond 
strength, grit forces, and grinding ratio. The wheels to be tested 
were chosen on each side of the wheel used in the preliminary test, 
and included grades H through L. 


TABLE 3 BASIC PARAMETERS FOR GRINDING TESTS 


Basic variable Range when variable 
0.011 to 0.028 in. 

150 10-"to 500 
30 108 to 100 X 10% ipm 


Value when constant 
0.0154 in. 
312 K 107 in.? 
61.2 K 10% ipm 
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Fic. 6 Errect or Bastc MECHANICAL VARIABLES ON SPECIFIC 
ENERGY IN GRINDING 


Fig. 6 shows typical grinding-mechanics data obtained during 
these tests. A plot of specific energy versus each independent 
variable gave a straight-line relationship on log-log paper which 
allowed the following equation to be written based on mean 
values of ordinates and slopes 


200,000 
A,,0-28], 0-28 70.10 
The grinding wheel-wear data are reported in Table 4. No de- 
parture from linearity between wheel wear and metal removed 
was experienced in these tests in spite of the changes in the me- 
chanical variables, so a single value of grinding ratio could be re- 
ported in each case. The last entry in Table 4 is for a test in which 
all three variables changed from point to point during the run; 
the results are essentially the same. 
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TABLE 4 TEST RESULTS 
Correlation evef. 


wheel wear vs. 
metal removed 


Grinding 
ratio 


Independent 
Wheel variable 


A60-H6-V.... 


95 


A60-16-V... 


A60-J6-V.. 


A60-K6-V. 


A60-L6-V. 


© S00 KO 


A60-H6-V. 


DISCUSSION 


The variation of specific energy with cutting speed in Equation 
[16] appears to result from decreased grit-chip friction at higher 
cutting speeds. This was verified by examining the value of R/T 
in the parent data; in all cases, this ratio decreased with increas- 
ing cutting speed, the decrease being about 13 per cent by the end 
of the run. No change in R/T was evident when chip length and 
area were the variables, so their effect on specific energy must be 
attributed to other causes. Wheel grade affected neither the 
specific energy nor the grinding-force-component ratio. 

Since the exponents of A,, and J,, in Equation [16] are of no 
significant difference, a relationship between specific energy and 
chip volume is suggested. This seems to be a physical improba- 
bility, because at any given time the grit-chip interaction should 
not depend on past contact, but only on the instantaneous cutting 
conditions. Drawing on experience in other machining proc- 


esses, where specific energy varies with chip thickness according to 


Equation [12] but not with chip width, a solution for the probable 
chip shape can be obtained by combining Equations [9, 10, 12, 13, 
16], assuming the exponents of A,, and l,, are equal in Equation 
[16]. According to these equations, the experimental results can 
be predicted from principles of metal-cutting theory if the chip 
form is such that P and Q in Equations [9] and [10] are ex- 
ponential functions of /; that is, an expression for chip thickness 
as follows will result in a solution of Equation [13] of the form of 
Equation [16] 


and 


where Ky, = const for any given A,, and l,. 

Since the product ac is numerically on the order of the value of 
a alone found in other machining processes, the value of c may be 
near unity. This means the chip becomes progressively thicker 
but of narrower width as it is formed. Physically, this could be 
explained by a masking of any given grit by other grits just ahead 
of it on the wheel, the amount of masking increasing with chip 
thickness. Research on chip form and size is needed to supple- 
ment the knowledge of grinding theory. 

The correlation coefficients for wheel wear versus metal re- 
moved in Table 4 are comparable to those in Table 1. This 
shows that, for the conditions chosen and the range of variables 
tested, the chip area, chip length, and cutting speed did not 
significantly affect the grinding ratio. Where the metal-removal 
rate was doubled, the wheel-wear rate also doubled. Further, 
an analysis of the grinding-ratio data in Table 4 gives a mean 
value of 120 with a standard deviation of 15 per cent for the 
16 values, almost exactly the same as the data for steel in Table 2. 
By way of comparison, the National Twist Drill and Tool Com- 
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pany (9) has reported a standard deviation of 31 per cent in drill- 
life tests. 

The maximum tangential force on the mean grit, when A,, was 
highest, was nearly 0.5 lb. The maximum total force was over 
1lb. Even with the softest wheel (A60-H6-V), this force was ap- 
parently insufficient to break the bond posts holding the grits and 
make the grinding ratio dependent on A,,. The possibility that 
the bond posts remain intact is supported by the fact that the 
maximum radial-wheel-wear measurement at the end of any test 
was less than 0.0003 in., while the approximate mean grit diameter 
was 0.016 in.; thus, only a portion of the grits was worn away. 
Since fracture of the bond posts was not the mechanism of wheel 
wear in these tests, it is to be expected that all five wheels would 
act the same. The compatibility of results in Tables 2 and 4 sup- 
ports this contention. 

Changes in effective hardness of the wheel by altering the ma- 
chine settings, i.e., changing A, are frequently discussed in the 


-literature but have no basis where over-all conditions do not pro- 


duce wheel wear through bond-post rupture. As a point of in- 
terest, breakdown of this latter type was later experienced with the 
I-grade wheel at a chip area a small amount greater than the 
maximum used in this experiment. 

There is little doubt that the chemical compositions of an abra- 
sive-metallic pair can strongly influence their action as wheel and 
workpiece in grinding. For example, silicon carbide is a poor 
abrasive for grinding steel, and titanium is notably hard to grind 
with any commercial abrasive. These abrasive-metallic interac- 
tions are temperature sensitive, and undoubtedly there were 
temperature variations during the course of the experiments here. 
However, no effect on grinding ratio was apparent. The alumi- 
num oxide and steel used were probably not reactive as a pair, 
and the wheel-wear mechanism was thus primarily mechanical. 
For another combination, the effects of chip length and cutting 
speed might have to be explored again. 

Attrition of the grits should produce higher cutting forces. In 
these tests, a few checks of forces under commencement conditions 
were made after completing the run, and showed no force rise had 
taken place. It is presumed that attrition proceeded to the point 
where the grit itself fractured, exposing fresh cutting edges, and 
that this was the important wear mechanism. The fact that the 
time rate of wheel wear increased directly with both chip area and 
length (i.e., metal-removal rate) is further evidence of the mechani- 
cal nature of the wear process in these tests. 


SUMMARY AND CONCLUSIONS 


Geometrical and continuity considerations require the cross- 
sectional area of the undeformed grinding chip to grow linearly 
with distance along the grit-workpiece contact path. The force 
on the grit depends on this area, but increases less than propor- 
tionately for larger areas and longer distances along the contact 
path. Higher cutting speeds can reduce the unit force (specific 
energy ) on the grit by decreasing the grit-chip friction. 

The force on the grit is not an influence on grinding ratio unless 
it is large enough to fracture the bond posts holding the grit into 
the wheel. Temperature may be important in affecting wheel 
wear for certain abrasive-metallic pairs, and mechanical variables 
affecting temperatures in the cutting zone should be considered in 
these cases. This was not the case in the tests reported here, and 
it may be concluded that the mechanical factors, per se, are not in- 
fluential as far as grinding ratio is concerned although they are 
directly concerned with the time rate of wheel wear. The grinding 
ratios reported probably can be considered as parameters of the 
mechanical properties of the abrasive in this case. Mechanical 
factors may influence grinding ratio if an especially attritive 
metal is being ground. 
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lin 135 
152 00 
. Am 102 99 
ln 94 99 
Vv 92 99 
pC . Am 106 98 
lm 122 98 
V 116 99 
5, Am 114 99 
lm 131 99 
Vv 116 99 
he 123 99 
lm 138 98 
126 98 
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Discussion 


R. 8. Haun.‘ It is to be hoped that the authors will continue 
their work on grinding since much is to be learned about the 
grinding process. 

There is one point in the paper, however, which is not clear to 
the writer. Equation [2] gives the projection of the cross-sec- 
tional area at some point along the undeformed chip, onto a plane 
perpendicular to a work-radius vector. Equation [3] multiplies 
this projected area by the number of chips taken per minute, and 
equates this to the rate of work-surface generation. It seems to 
the writer that the area generated is completely independent of 
the cross-sectional area of the undeformed chip. To see that this 
is true, consider the planing process using a zero rake tool. Here 
the projected area A, is zero, yet the area generated vw can be any- 
thing depending upon the length of the cut. Hence the areas 
are entirely independent and unrelated. 

Any enlightenment the authors can give the writer will be 
greatly appreciated. 


M. C. Suaw® anp G. 8. Retcnensacu.® As is pointed out in 
this paper, data on wheel wear are tedious to accumulate and con- 
sequently the authors have restricted themselves to a rather nar- 
row range of grinding conditions. The infeed per pass was of the 
order of 5 X 10~° in. while surface grinders ordinarily operate at 
1/,to 2 X 107% in/pass. The nature of wheel wear might be ex- 
pected to differ when the conditions are so changed. 

It is stated that the maximum radial wheel wear at the end of a 
test was less than 0.0003 in. while the grain diameter was 0.016 
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in. This suggests that far too little grinding was done for any 
conclusions regarding normal wheel wear and wheel hardness to be 
drawn. In the normal operation of a grinding wheel the grains at 
first chip and break down, thus resharpening themselves. The 
grains become more and more rounded and finally the force on the 
dulled grain becomes high enough to remove the entire grain, 
thus exposing new cutting points and the process repeats. In the 
present tests only the very first phase of this general process has 
been included. 

The fact that these tests were performed on freshly dressed 
for 0.016 in 
also places the general validity of the force readings in 
It is suspected that if the wheel had been used until it 
had reached equilibrium and bond posts were being periodically 


wheels with negligible wear (<0.0003 in. wear 
grains) 


question. 


broken in the normal fashion, higher values of force would have 
been observed. 

In view of the foregoing the reader should be cautioned that 
what the authors report for forces and wear are for freshly sharp- 
ened grains operating under very mild conditions and are not 
representative of grinding wheels operating under normal shop 
conditions where bond posts do in fact periodically break. 

Following Kronenberg? the authors consider the chip cross-sec- 
tional area to be a fundamental variable in cutting. Actually the 
area is composed of the product of two quantities (undeformed 
chip width and thickness) that normally have entirely different 
characteristics. It is far more fundamental to use chip thickness 
as a variable than area since unit properties are independent of 
chip width, but not independent of chip thickness. 

The authors assume a mean undeformed chip geometry as 
shown in Fig. 1(b), which if valid must satisfy two conditions: 


1 By volume continuity the volume of the mean chip times 
the rate of chip generation must equal the rate of metal removal. 

2 It must be possible to synthesize the laver of metal removed 
by fitting together a number of undeformed chips of the shape as- 
sumed. While the average chip shown in Fig. 1(b) satisfies con- 
dition (1) it does not satisfy condition (2) as does an average un- 
deformed chip of constant width such as that adopted in ref- 
erence (4) of the paper. 


The procedure adopted in this paper is similar to that first em- 
ployed by Brandsma in Holland to measure tool life. In this 
ease a disk was faced from the center outward at constant rpm. 
From the surface speed at which the tool failed, the tool life was 
calculated following a procedure given by Schullbrock and Beth- 
mann.’ This method has not proved to be a good one in practice 
since tests run at variable speed do not yield the same results as 
The nature of the welding 
It mat- 
ters, for example, how a given speed is approached as well as the 
speed at which a reading is taken. 

Surprise is expressed at finding the same exponent for both A,, 
and J,,. Actually this is to be expected since the probability of 
finding an imperfection within a chip will depend on chip volume. 
Size-effect studies that have been made in grinding in the past 
have used undeformed chip thickness, but only as a convenient 
measure of chip volume. Based on past work the exponent. (0.25) 
appears to be far too low a value for grinding and use of the 
Brandsma technique could very well be responsible for this. 

The results of the paper seem to run contrary to usual grinding 
practice in which wheel hardness and structure are altered to com- 
pensate for changes in operating conditions. For instance a 


those performed at constant speed. 
which occurs depends upon the past history of the tool. 


7“‘Grundziige der Zerspannungslehre,’’ by M. Kronenberg, Julius 
Springer, Berlin, Germany, 1954, and “Tool Engineer’s Handbook,”’ 
McGraw-Hill Book Company, Inc., New York, N. Y. 

§“Kurzprifverfahren der Zerspanbarkeit,’’ by Schullbrock and 
Bethmann. 
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wheel used in external grinding is said to act “softer’’ than when 
the same wheel is used for internal grinding. Likewise changes in 
wheel speed, work speed, and so on, are usually considered to 
change the effective “hardness’’ of a wheel. 


L. P. Tarasov. The mechanics of grinding has begun to be 
studied only rather recently, primarily because grinding is such a 
complex process to analyze mathematically. In order to develop 
this subject further, the authors have found it desirable to elimi- 
nate one important factor which is present in ordinary grinding 
the effect of the bond, which holds the abrasive grains 
in place. This approach is certainly justified since it is first 
necessary to learn how to handle simple cases before more com- 
plicated ones can be analyzed effectively. However, it should be 
kept in mind that the test method and results described in this 
paper will not necessarily be valid for the much higher stock-re- 


practice 


moval rates representative of many commercial operations. 

The test method depicted in Fig. 5 implies that the grinding re- 
sults are not affected by the prior history of the wheel face. This 
was undoubtedly true for the author’s grinding conditions, but 
when much heavier cuts are made, the condition in which the 
wheel face finds itself after a given run may affect its behavior in 
If some variable is changed with each suc- 
ceeding run, the observed effect may be due not only to the change 
in that variable but also to the cumulative effect of such changes 
upon the condition of the wheel face. The extent to which the ac- 
celerated testing technique developed by the authors can be used 
safely under other grinding conditions can be determined only 
through suitably conducted experiments. 

The authors found a large scatter in the grinding ratio when 
successive runs were made under nominally identical grinding con- 
ditions. Perhaps this is characteristic of grinding operations so 
conducted that the wheel wear is independent of the amount of 
the bond in the wheel, or it may be that cylindrical plunge grind- 
ing is an operation which is inherently associated with consider- 
able scatter regardless of the infeed rate. It would be desirable to 
determine the origin of this scatter. From the writer’s experience 
with surface-grinding tests, where the grinding ratio increases pro- 
gressively with the hardness of the wheel, there is generally a 
gradual drift of the grinding ratio with decreasing wheel diameter 
but the variation between successive runs is much smaller than in- 
dicated in Table 1 of the paper. Occasionally, wheels do show an 
erratic variation of considerable magnitude with changing diam- 
eter, and this is attributed to inhomogeneous bonding, but this 
cannot be the cause of the scatter observed by the authors. 

It is interesting that the authors found the grinding ratio to be 
independent of the wheel speed. This, of course, is contrary to 
general experience, and again this must be attributed to the par- 
ticular test conditions used by the authors. Not only was there 
no bond breakdown, but both the chip length and cross section 
were kept the same for all wheel speeds. It would help in our 
understanding of the grinding process to know the effect of wheel 
speed upon the grinding ratio for constant chip length and cross 
section when the infeed rates are made high enough to cause bond 
breakdown for the complete range of wheel speeds investigated. 


subsequent runs. 


Avutuors’ CLOSURE 


The comments and suggestions of the several discussers are 
greatly appreciated. The emphasis the discussers give to the 
singularity of the wheel-wear mechanism encountered under the 
specific test conditions supports the authors’ restriction of the 
conclusions to these combinations of variables. It would cer- 
tainly be misleading to extrapolate the data to commercial ap- 
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plication without extreme care; the value of the research is pri- 
marily its use as a base for further research. An experimental 
climate has been reported where the mechanical cutting action of 
abrasive grains can be explored without apparent influences from 
the materials holding the grains, chemical reaction with the work, 
or other extraneous effects. 

The question of the geometry of the mean undeformed chip is 
worthy of further examination. Analogy to milling may be 
helpful, a typical chip being shown in Fig. 7 for a cutter with unit 
width and no axial rake. At some instantaneous value of the 
position of the cutter tooth, 6, the undeformed chip thickness is 
numerically equal to A. In a plane parallel to the old (or new) 
surface, the cross-sectional area of the chip is A,, and, because the 
chip is of unit width, the quantity A, may be depicted as the feed 
per tooth. Perhaps the term “projection of the area’’ is an un- 
fortunate choice for describing A,. Now, the value of A, times 
the number of chips per minute must certainly equal the rate of 
area generation. 
Hahn’s question; the analogy to planing is not valid because 
there is no motion of the tool normal to the new surface in that 
process. 


It is hoped that this explanation answers Dr. 


% 
/ 


Fic. 7 UNnprerorMep 

In Fig. 7, the volume and area continuity is satisfied for any 
value of d, such as illustrated at levels 1, 2, 3, and 4. The two 
conditions that undeformed chip geometry must meet, as stated 
by Professors Shaw and Reichenbach, are in effect the statement 
of volume and area continuity analyzed by the authors. It was 
these very conditions that prompted the authors to discard the 
analyses of references (2) and (4) in favor of a chip form which 
would meet the continuity requirements. Fig. 1(b) is meant to 
show an indefinite cross-sectional shape, and does not preclude a 
constant width mean chip. In fact, Equation [8] gives the condi- 
tions for a mean chip of constant width that still satisfies the con- 
tinuity conditions expressed as Equations [3] and [5]. 

Professors Shaw and Reichenbach, in reference (2), propose a 
chip of constant width, but one whose maximum thickness varies 
with the fourth root of d. Thus, if conditions are changed from 
depth of cut 2 to 4 in Fig. 7, they must adjust the mean width 
of their “constant’’ width chip to maintain continuity. The 
authors contend that a tooth or grit entering the work at the 
bottom of the cut cannot anticipate how deep it must eventually 
dig into the work, and therefore cannot adjust its mean width to 
suit the future conditions. Thus, if a constant width chip is pro- 
posed, the maximum thickness must vary with the square root of 
d. The chip shape of Fig. 2(a) satisfies the conditions for a chip 
whose thickness varies with the fourth root of d. 

The fact remains that it is not known which chip cross section is 
truly characteristic, and that was one reason why A,, was chosen 
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as a fundamental variable rather than ¢ or b. The authors agree 
that ¢ and b are more fundamental, but they would affect specific 
energy rather than force alone, while A,, is a good indication of grit 
force because the specific energy does not vary greatly in these 
tests. 

The reference by Professors Shaw and Reichenbach to variable 
speed tool-life testing is not pertinent here because only grinding 
ratio was measured and not the wheel life between dressings. 
Grinding ratio derives from the slope of the wheel-wear curve, 
and the sensitivity of the method to meaningful changes in 
operating conditions was established in preliminary tests. Fur- 
ther, the data reported show a lack of change with grinding con- 
ditions, so that wheel face history, if pertinent, was retaining the 
original grinding ratio with an excellent correlation coefficient in 
spite of any supposed effects of the mechanical variables. 

Regarding the discussion of the force readings and their analy- 
sis, it is shown in Table 2 that the scatter in the force data, in- 
terpreted in terms of specific energy and force component ratio, is 
not high; the measured conditions are at equilibrium and are 
characteristie of the grinding action. In all tests, 0.10 in. was 
removed from the work diameter between dressings. The test 
conditions are those of finish grinding, so the size effect is pre- 
sumed to be the cause of the high values of specific energy. The 
first conclusion of the authors regarding the coincidence of the 
exponents of area and length in Equation [16] was that of Pro- 
fessors Shaw and Reichenbach; the imperfections in the metal are 
distributed on a volumetric basis. However, this means that at 
any angle @ the specific energy is determined by the volume of 
metal already removed by the grit. The correct application of 
size effect is in finding the probability of the existence of an im- 
perfection in the volume of metal just ahead of the cutting edge 
from the full chip thickness to the surface, i.e., the metal which 
will become the shear zone. As a first approximation, this volume 
should be proportional to A alone. The dependence of specific 
energy on chip length to an exponent equal to that of the size-ef- 
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fect equation is suggested in the authors’ discussion to arise from 


a chip shape in which the chip becomes narrower, but thicker 
along its length. The author’s value of the size-effect exponent 
is not out of line with earlier work, such as reference (2), if the 
disparity between the formulas for chip area and thickness are 
taken into account. 

The nature of normal wheel wear has been discussed by the 
authors as well as by Professors Shaw and Reichenbach and Dr. 
Tarasov. It should be noted that bond fracture is normally de- 
sirable to keep the wheel face sharp, but the fact that it did not 
occur in the tests is simply a matter of too low a value of A,,. 
The total wheel life between dressings was measured and the 
amount of metal removed was about 40 per cent of this total. 
This is high enough to insure equilibrium performance without the 
deleterious effects of excessive dulling. The characteristic wheel 
wear was rapid loss of about 0.0001 in. from the wheel radius 
upon initial contact, then a linear wear curve showing constant 
grinding ratio, until the grinding action started to produce a 
squeal and a scratchy finish. At this point, gross break-down 
commenced with constantly decreasing grinding ratio and no re- 
covery. This was shown in fig. 5 of reference (8). The fact that 
the wheel wear at the end of the tests was small is not indicative 
of a test that is too short because the grinding ratio is quite high. 

The authors agree with Dr. Tarasov that their methods might 
require another evaluation if bond fracture tests are run. The 
scatter in grinding ratio data which he questions is probably 
caused chiefly by the dressing, although a complete determination 
was not made and was not necessary for the test method used. 

The absence of a wheel speed effect was presumed to come 
about by virtue of the metal-abrasive pair being nonreactive at 
the temperatures that were produced. The use of a grinding ex- 
periment designed to maintain chip geometry while the wheel 
speed varies is believed to be unique and should be adopted by 


researchers in the field to avoid purely mechanical effects which 
might unknowingly be attributed to thermal or chemical origins. 
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Force Components, Chip Geometry, and 


Specific Cutting Energy in Orthogo- 
nal and Oblique Machining 


of SAE 1015 Steel 


By DIMITRI KECECIOGLU,? MILWAUKEE, WIS. 


A three-component, SR-4 strain-gage, lathe dynamome- 
ter is described. Orthogonal and oblique cutting data ob- 
tained with this dynamometer, when dry, end-cutting 
SAE 1015, 118 Bhn seamless-steel tubing are presented. 
Tools tipped with all-purpose, steel-cutting grade carbide 
and having normal rake angles varying from —10 to 357 deg 
and inclination angles varying from 0 to 36 deg were used 
to obtain the cutting data at speeds varying from 125 to 
750 fpm and feeds varying from 0.004 to 0.012 ipr. The 
variation of the machining-force components, the cutting 
ratio, the thickness ratio, and the specific cutting energy 
with the normal rake angle, the inclination angle, the 
cutting speed, and the tool feed is given. 


INTRODUCTION 
r YHE cutting edge of the tool used in most shop machining 


operations is not perpendicular to the direction of relative 

motion between tool and workpiece, but oblique. The de- 
termination of the relative magnitude of the components of the 
machining force involved in oblique cutting, as well as in or- 
thogonal cutting, would greatly illuminate the process of shop 
machining. Likewise, a study of the effect of a wide range of 
tool angles, speeds, and feeds on the machining-force components, 
on the chip cutting and thickness ratios, and on the specific cut- 
ting energy would contribute significantly to the understanding 
of the shop machining practices. This paper aims to provide such 
orthogonal and oblique machining data and present their mode of 
variation with the hope of shedding more light on the shop 
machining practices. 


TuHrREE-CoMPONENT LATHE DyNAMOMETER 


Three-dimensional cutting may be represented by Fig. 1, where 
the forces exerted on the oblique tool are shown and the three 
mutually perpendicular components of the resultant machining 
force are designated as F,,F,,and F,. To measure these three ma- 
chining-force components a lathe dynamometer, designed by David 
Mort? for the Purdue University Machine Tool Laboratory, was 


1 This paper is based on the author's PhD dissertation at Purdue 
University, Lafayette, Ind. 

? Engineering Scientist-in-Charge, Mechanical Laboratory, Re- 
search Laboratories, Allis-Chalmers Manufacturing Company. 
Mem. ASME, 

“Design of a Three-Component Resistance Strain-Gage Cutting- 
Tool Dynamometer,"’ by David Mort, Master’s thesis, deposited 
with Purdue University Libraries, West Lafayette, Ind., January, 
1950. 

Contributed by the Research Committee on Metal Processing and 
presented at the Annual Meeting, New York, N. Y., November 25-30, 
1956, of Tae American Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, July 26, 
1956. Paper No. 56—A-155. 


Fy- CUTTING OR TANGENTIAL FORCE 
Fx- LATERAL OR RADIAL FORCE 
Fz- THRUST OR FEED FORCE 


Fic. 1 Macnintnc Forces ActinG ON OUBLIQuE Toot WHEN 


Enp-CuTtina A SEAMLESS TUBE 


used. The three-component dynamometer consists of two major 
parts; namely, the tool cartridge and the housing, schematically 
shown in Fig. 2. The cutting tool is held in the cartridge A and 
the cartridge is supported by the housing B through strain-sensi- 
tive tension members C, D, E, and F, shown in Fig. 2, and 
tension member G and bending member K, shown in Fig. 3. SR-4, 
electric, Type AS strain gages are cemented on both faces of each 
strain member. During machining the cutting force F, causes 
the strain-sensitive section in members C and D to elongate and 
induce strain in gages H,, H2, Hs, and Hy. The lateral force F, 
causes members E and F to elongate and induce strain in gages I,, 
I;, I;, and I,, and the thrust force 7, causes member G to elongate 
and induce strain in gages J, Jz, J3, and Jy. The gages are so 
located and connected in the dynamometer that interaction among 
the three force components is minimized. Appropriate tem- 
perature-compensating gages also are mounted on the dynamome- 
ter. 

The calibration curves for this dynamometer, obtained by the 
application of static loads, are given in Figs. 4, 5, and 6. The 
interaction among the force components also is shown in these 
figures. The calibration curves may be expressed analytically as 
follows 
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APPLIED THRUST FORCE, Fz,POUNDS 
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Fig. 6 DyNnamometTeR CALIBRATION CuRVE FOR Turust Force 


F, = 1.290X + 0.0197Y — 0.0192Z.......... 
= 1.262Y + 0.01072 
[3] 


where X, ¥, and Z are the strain outputs, in microinches per inch, 
of the gage bridges for forces F,, F,, and F,, respectively. These 
relations are valid for maximum loads of F, = F, = 1500 lb, and 
F, = 500 1b. The stiffness of the dynamometer is about 300,000 
lb per in. for F, and F,, and 500,000 lb per in. for F,. 


= 1.0307 + 0.03997. 


CONDITIONS AND PROCEDURE 


Machining data were obtained on an engine lathe, having a 15- 
hp motor, a 16-in. swing, a 78-in. bed, and a stepped speed range 
of 30 to 2000 rpm. Seamless-steel tubing of SAE 1015, with a 
hardness of 118 Bhn and the following composition, was" cut: 
Carbon 0.144 per cent, manganese 0.48 per cent, phosphorus 
0.011 per cent, sulphur 0.021 per cent, silicon 0.175 per cent, and 
the remainder iron. The tubing had a mean wall thickness of 6 
= 0.169 in. and an outside diameter of OD = 3.257 in. The 
tools had all-purpose, steel-cutting grade, carbide tips. The tips 
were of '/; 1/2 1 in. size and were brazed onto X 1 6 in. 
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The normal rake angles @,, incorporated into 
—10," “5,” “20,” and “35” deg and the in- 
clination angles 7, were “0,” “10,” “20,” and “30” deg. Quota- 
tion marks are used about the angles to indicate that in some 
The 


exact angles were determined after each tool was mounted in the 


size steel shanks. 
these tools were “ 


tools these angles did not exactly have the given values. 


dynamometer and are given with the cutting data presented later. 
The front clearance angle on all tools was 7 deg. The details of 
such a tool are given in Fig. 7. Sixteen tools incorporating all 
combinations of the four normal rake and the four inclination 
angles were used. The tools were mounted in the tool cartridge 
with a °/,-in. overhang. The mean cutting speeds V used were 
126, 332, 638, and 746 fpm and the feeds ¢ were 0.004, 0.008, and 
0.012 ipr. No coolant or lubricant 
was used, The experimental setup is shown in Fig. 8. 


End cutting was employed. 


CARBIDE TIP 


Fic. 7 Derarcs oF AN OBLIQUE CuTTING TooL 
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After the reproducibility of the machining forces with the 
dynamometer was established, 163 cuts were taken which in- 
volved almost all combinations of the three feeds, four speeds, 
four normal rake angles, and four inclination angles. The order of 


these 163 cuts was randomized. Each force component was de- 


termined, after a 20-see cut, by reading the strain output of the 
three-bridge circuits in the dvnamometer with a strain indicator 
and by calculating the forces from Equations [1], [2], and [3]. 


CurtinGc Force aNd EXPERIMENTAL OBSERVATIONS 


The values of the cutting force F,, obtained with various tool 
angles, speeds, and feeds, are given in Table 1. Fig. 9(a) shows the 
variation of F, when cutting with tools having an inclination 
angle of “0” deg and Fig. 9(b) of “30” deg. The mean cutting 
speed was calculated from the mean tube diameter and the tube 
rpm. 

A study of the results given in Table 1 and Fig. 9 permits the 
following observations: (1) F, varies from 165 lb at a V = 750 
fpm, a, = 33.5 deg, 7 = 24 deg, and t = 0.004 ipr to 915 lb at a 
V = 125 fpm, a, = —10 deg, i = 30.5 deg, and t = 0.012 
ipr. (2) Ff, decreases about 5 per cent for every 5-deg increase in 
a,. (3) F, decreases up to 1 per cent for a 5-deg increase in 7. 
Hence, F, decreases appreciably more per degree increase jh a, 
than per degree increase in i and, in general, more so at the lower 
i and V, and the higher a, and t. (4) F, increases up to 90 per 
cent for a 0.004-ipr increase in t. The per cent increase in Fy 
with increasing ¢ is in general greater at the lower ¢ and V, and 
higher a, and i. (5) F, decreases up to 38 per cent when V in- 
creases from 125 to 750 fpm. The decrease in F, is very rapid 
when V increases from 125 to 350 fpm but much less so when V 
increases from 350 to 750 fpm. The per cent decrease in F, with 
increasing V is greater at the higher ft, lower a, and lower i. 


Fic.8 Serup Empioyep 1x Cuttine Exrermments; A, Face Pirate, B, Horper, C, Tune, 
D, Toot, E, Dynamometer, F, Switcu, anp G, Strain INDICATOR 
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TABLE 1 VALUES OF CUTTING FORCE, LATER: FORCE, 
THRUST FORCE, CUTTING RATIO, THICKNESs TIO, AND 
SPECIFIC CUTTING ENERGY OBTAINED WITH V 
MAL RAKE ANGLES, INCLINATION ANGLES, 
SPEEDS 
Work material: SAE 1015, 118 Bhn seamless-steel tubing; Tube OD 
3.257 in.; tube-wall thickness = 0.169 in. 
Tube material: All-purpose, steel-cutting-grade carbide 
Tool shape: See Fig. 7 
Cutting conditions: Dry, end-cutting of tube 


Item Run tp i t v 


638 


746 
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TABLE 1 (continued) 
an i t v u 
deg. ipr fpm - - in-1b/io>, 
10 40,004 126 467 x 103 
415 


0,012 


= 
1 
Item Run 
No. No. @ 
41 «182 
42 181 " ” ° 638 264 20 200 9,251 0,253 392 
43° 180 746 «261 18 205 0.271 0.273 378 
ibe. ibe ibe tn-1b. 44-187 0.008 126 609 36 410 0.178 0.181 444 
0 298 0.246 0.246 429 x 10° 45 186 332 497 33 355 0.241 0,242 359 
: 2 169" ” 290 271 0.258 0.258 422 46 «6185 638 422 33 2868 0.310 0.312 314 
: 3 172 0.008 638 510 0 437 0.260 0.260 370 47 184 - 4 - 746 «4420 33 260 0.316 0.318 307 
4 173 746 496 419 0.280 0.280 355 48 191 «871 46 530 0,207 0.208 420 
5 0.012 638 753 512 0.256 .250 356 49 «190 332 672 53 436 0.269 0.270 326 
6 176 746 S509 0.286 0.286 344 50 189 638 586 44 324 0.331 0.332 284 
7 157 1¢ 0.004 638 299 24 284 0.242 0.245 430 51-188 746 «570 45 304 0.341 0,342 276 
52 56 «4.5 21 0,004 126 357 34 238 0,105 0,113 525 
9 161 0.008 638 485 43 421 0.294 0,296 363 
165 0.012 638 685 65 500 0.310 0.312 333 55 55 746 «258 40 199 0.268 0.271 385 
: 12 164 746 680 68 492 0.318 0.320 331 56 10 . 0,008 126 560 66 461 0.162 0,168 407 
13 146 2 0.004 638 307 42 298 0.229 0.231 445 57 il - ad sad 332 484 66 394 0.231 0.235 352 
7 14147 746 293 40 286 0.250 0.252 437 58 9 ‘ . " 638 432 66 267 0.310 0,318 311 
15 149 0.008 638 490 76 414 0.282 9.284 333 59 12 746 «4414 70 248 0.335 0,346 303 
16 «148 746 484 73 392 0.292 0,294 322 60 121 0.012 126 880 87 S558 0,171 0,193 43) 
17 153 0.012 638 718 118 S11 0,301 0.302 346 61 124 ; . . 332 688 95 468 0.260 0,269 336 
18 152 746 702 118 449 0,228 9,330 338 62 123 638 570 100 292 0,357 0,371 279 
19 134 30.5 0,004 638 293 74 274 0.252 0.259 430 63 (122 746 559 108 274 0.410 0.425 276 
74 268 0.262 0.267 420 64 19 3 30 0,004 126 368 59 318 0.126 0,147 533 
* 21 139 -1 30.5 0,008 126 662 132 580 0.183 0.186 500 65 18 7" 332 271 53 212 0.191 0.207 400 
22 (138 332 550 129 485 0.243 0.251 411 66 638 272 54 232 0.248 0.258 385 
23.0 «137 638 466 129 390 0.316 0,325 352 67 746 «(259 60 211 0.261 0.270 378 
24 «(136 746 463 128 382 0.324 0.329 341 68 .™ 0.008 126 663 107 458 0.193 0.196 482 
25 142 0.012 332 785 193 626 0.261 0.269 380 69 332 522 100 330 0.266 0,273 372 
26 «(141 638 683 210 460 0.347 0.353 331 70 = 638 430 100 257 0.323 0.340 314 
27 «140 746 665 192 441 0.371 0.375 321 71 746 420 103 268 0,349 0.375 304 
* 0.012 126 860 154 518 0.200 0.203 415 
75 #18” 746 571 MMM 314 0.373 0.386 279 
31 1 " 746 260 © 213 0.241 0,241 378 
32 50 0.008 126 611 © 355 0.167 0.167 444 76 25 19.5 1 0,004 126 259 132 0.137 0.137 370 
33.52 “332 «478 © 367 0.241 0.241 348 158 0.233 0.233 326 
34 51 638 411 274 0.340 0.340 296 78 2%” 638 221 143 0,334 0,334 320 
35 49 746 392 6 284 0.343 0,343 285 79 2” 746 137 0.326 0.326 318 
3606125 0.5 0,012 126 883 0 616 0.181 0,181 425 80 7" “3 0.008 126 428 185 0,271 0,274 314 
37128 332 649 415 0.282 0.282 314 81 3 332 370 178 0,343 0,344 277 
~ 38 127 638 560 © 307 0.324 0.324 270 400" 638 387 200 0.363 0.364 274 
39 746 545 293 0.360 0.361 260 = "746 377 200 0.373 0.373 274 
0,012 126 635 23 314 0,252 0,253 307 
65 14 ° 332 568 3 272 0.347 0,348 273 
s6 115 ° 638 494 1 197 0.407 0,407 241 
87 #116 746 482 1 218 0,422 0,422 231 
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TABLE 1 (continued) 


Item Run t 
No, No. deg. ipr 


3 


u 
in-1b,/in”. 


88 32 10 0,004 356 x 103 


LATERAL ForRCE AND EXPERIMENTAL OBSERVATIONS 


Meticulous care in maintaining a zero inclination angle in the 
cutting tool resulted in obtaining a zero lateral force F,. When- 
ever a lateral force was detected, it was found that a slight in- 
clination angle had been introduced when the tool was tightened 
in the tool cartridge of the dynamometer. The results obtained 
with various tool angles, speeds, and feeds are given in Table 1. 
Fig. 10 shows the variation of F, with speed when cutting with a 
tool having a “30”’-deg inclination angle. 

A study of the results given in Table 1 and in Fig. 10 permits 
the following observations: (1) F, is much smaller in magnitude 
than F,. For example, when a, = —10 deg, ¢ = 0.012 ipr, and 
V = 750 fpm, F, is only about '/, of Fy wheni = “10” deg, F, is 
about '/, of F, when i = “20” deg, and F, is about '/; of F, when 


TABLE 1 (continued) 


3 


u 


77 «0. 274 x 10° 


73 


Cuts with the following two conditions vere not sade 
deg. 


~n = 36.5 degs., i = 0 g.. t = 0,012 ipr and 
@&, = 33.5 degs., 1 = 24 degs., t = 0.012 ipr 


i = “30” deg. (2) F, varies from zero pounds when i = “0” deg, 
to 11 lb when i = “10” deg, a, = 36 deg, and t = 0.004 ipr, to 
196 lb when i = “30” deg, a, = —10 deg, and ¢ = 0.012 ipr. 
(3) F, decreases about 5 per cent for every 5-deg increase in a@,. 
(4) F, increases about 55 per cent for every 5-deg increase in 1. 
It may be seen that F, increases much more, per cent wise, per 
degree increase in i than it decreases per degree increase in a,, 
particularly at the lower values of 7. However, the increase in 
F, with an increase in 7 is, to an appreciable extent, overbalanced 
by a corresponding decrease in Fy. (5) The per cent decrease in 
F, with an increase in a, is, in general, greater at the higher ¢ and 
the loweri. The per cent increase in /, with an increase in 7 is, 
in general, greater at the higher a, and?. (6) F, increases up to 
85 per cent for a 0.004-ipr increase in t. The per cent increase 
in F, with an increase in ¢ is, in general, greater at the higher ¢ 
and lower ¢ but is not affected significantly by a variation in a,. 
(7) F, is not affected by a variation in V. 


Turust Force AND EXPERIMENTAL OBSERVATIONS 


The thrust-foree F, values obtained with the various tool 
angles, speeds, and feeds are given in Table 1 and are partly repro- 
duced in Figs. 1l(a and b). A study of these results permits 
the following observations: (1) F, varies in a manner somewhat 


— 
153 
132 36 100.008 126 193 
so 74 332 234 18 161 0,.2600,.263 348 i339 "332 180 9 0,361 0.368 274 
90 7 638 225 15 138 0.319 0,322 333 13440 (86 " 638 193 13 95 0.398 0.404 274 
91 76 746 227 16 145 0,333 0.336 326 138 * 746 183 10 78 0,433 0,439 274 
92 80 0.008 126 438 19 201 0.231 0.233 318 136 89 " 0.008 126 321 18 104 0,379 0,384 277 
93 «79 332 371 23 184 0,340 0,344 278 1397 90 * * 932 329 17 130 0.443 0.448 240 
638 368 23 190 0,370 0.373 266 ) 638 314 18 120 0,459 0.463 229 
9° #37 746 353 24 176 0.380 0.383 259 1399 92 " “946 307 18 119 0.471 0.475 225 
96 81 0.012 126 693 36 323 0.239 0.240 338 1400 96 "=O" 0.012 126 483 21 124 0.386 0.388 234 
* 332 548 38 266 0,340 0.342 266 41 98 332 432 24 112 0.457 0,460 209 
638 493 41 192 0,401 0.403 237 638 415 26 92 0.471 0.474 202 
9 746 480 38 198 0,430 0.434 234 14393 0°" 746 403 25 93 0.480 0.482 197 
100 «=: 32-s«19 21 0,004 126 239 25 108 0,167 0.181 355 144 46 33.5 24 0,004 126 198 24 78 0,371 0.387 289 
11 332 233 30 142 0,271 0.276 348 45 45 332 172 22 67 0.412 0.436 259 
10229 638 223 30 123 0.330 0.334 333 | 638 174 27 73 0.441 0.476 252 
103 746 223 29 135 0,337 0,339 326 47 “ 946 173 22 77 0.443 0.477 244 
10433 0.008 126 416 42 187 0,250 0.261 303 vn 0.008 126 304 50 113 0.416 0,428 222 
105034 332 353 51 163 0,362 0,375 263 332 303 50 103 0.450 0.472 218 
1060 638 348 53 160 0,392 0.405 244 “ 638 302 49 102 0.456 0.477 211 
10735 746 333 50 149 0.418 0.429 240 746 233 43 86 0.465 0.483 207 
152 24 30.5 36 0.004 126 187 43 74 0.291 0.346 274 
111 100 746 471 73 165 0.441 0.465 222 
112 63 20 33.5 0,004 126 247 43 102 0.218 0,231 355 156 16 30.5 35 0.008 126 329 71 94 0.390 0.431 248 
11364 332 220 44 119 0.288 0.313 318 187 13" . , 332 328 78 109 0.434 0.478 244 
114 61 638 207 40 110 0.327 0,355 304 158 15 . 638 330 74 #122 0,448 0.490 237 
115 62 746 207 65 118 0.338 0,363 296 * 
11643 008 126 423 80 167 0.280 0.311 314 160 112 31.5 37 0.012 126 463 127 118 0.427 446 «225 
41 3000 6.586 0.508 563 161 332 429 138 103 0.462 0.478 210 
18 4 * 638 35: 81 156 0,384 0,417 255 162 110 * 638 397 136 82 0.499 0.514 195 
11942 746 346 «0.397 0.428 252 163 109” ” 746 390 137 60 0,506 522 «190 
120 108 ),012 126 555 109 174 06.318 0.330 269 
121 107 332 524 120 160 0.378 0.401 254 
122 106 638 487 128 149 0.440 0,455 352 
123 105 * 746 465 125 140 0,442 0,457 341 
124 «58 33 © 0.004 126 187 0 84 0.275 0.275 266 
125 57 332 172 0 78 0.350 0.350 259 
126 60 638 187 94 0.414 0.414 259 
127 59 746 182 0 84 0.429 0.429 259 
128 «©6966 «36.5 0 0.008 126 380 4 143 0.380 0.380 281 
129 932 342 © 132 0.436 0.436 244 
130 65 638 310 125 0.454 0.454 226 
131 «6? 746 295 2 97 0.457 0.457 218 


WORKPIECE: SAE 1015,118 BHN. STEEL TUBING 
TOOL:ALL-PURPOSE CARBIDE , TOOL SHAPE ‘SEE FIG.7 
| WIOTH OF CUT:O.I69IN.,TUBE O.DIA.= 3257 IN. 
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Fic. 9 Currinc Force—MEaAN RELATIONSHIP AT 
Various NorMAt Rake ANGLES AND Freps; (a) i = ‘0”’ AND (6) 
t = “30” Dee 


similar to F,; however, F, is in general smaller numerically than 
F, and varies in magnitude from about 20 per cent of F, at the 
lower ¢ and higher a, to about 85 per cent of F, at the higher ¢ 
and lower a,. (2) F, decreases about 10 per cent for every 5-deg 
increase in a,. The per cent decrease in F, with an increase in a@, 
is, in general, greater at the lower ¢ and V, and at the higher a, 
andi. (3) F, decreases up to 3 per cent for a 5-deg increase in 7. 
F’, decreases much more per degree increase in a, than per degree 
increase ini. The decrease in F, with an increase in 7 is insig- 
nificant for a, greater than 25 deg but becomes quite significant 
for a, smaller than 25 deg. The per cent decrease in F’, with an 
increase in 7 is slightly greater at the lower V but is not affected 
significantly by a variation in ¢. (4) F, increases up to 60 per cent 
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for a 0.004-ipr increase in ¢, The per cent increase in F, with an 
increase in ¢ is, in general, greater at the lower ¢ and a@,, but is 
(5) F, de- 
creases up to 45 per cent for an increase in V from 125 to 750 
fpm. The per cent decrease in F, with an increase in V is, in 
general, greater at the lower ¢ and a,, substantially lower at V 


not affected consistently by variations in V and 7. 


greater than 350 fpm, and not affected significantly by a variation 
inz. In general, as V increases F, decreases at a faster rate than 
CuTrrinG AND THICKNESS Ratios AND 
EXPERIMENTAL OBSERVATIONS 
The cutting ratio r, was calculated from the following equation 
derived by Merchant and Zlatin‘* 


16.4 


= 
m 
where ¢ is in thousandths of an inch, p is the density in gr/ce, and 
m is the weight of the chip in milligrams per inch of chip length. 
p was taken to be 7.865 gr/cc for the SAE 1015 steel. The 
cutting ratios thus obtained are given in Table 1 and are partly 
reproduced in Figs. 12(a and 5). 

A study of Table 1 and of Fig. 12 permits the following ob- 
servations: (1) r, varies from 0.148 when V = 125 fpm, a, = 5.5 
deg, i = 10 deg, and t = 0.004 ipr to 0.505 when V = 750 fpm, 
a, = 31.5 deg, i = 37 deg, and t = 0.012 ipr. (2) r, increases 
about 6 per cent for every 5-deg increase in @,. The per cent 
increase in r, with an increase in @, is, in general, greater at the 
higher @,, and t, and lower V and 7. (3) r, increases up to 4 per 
cent for a 5-deg increase in 7. The per cent increase in r, is, gen- 
erally, greater at the higher 7, t, and V and the lower a,. It may 
be seen that r, increases more per degree increase in a, than per 
(4) r, increases about 14 per cent for every 
The per cent increase in r, with an in- 


degree increase in 7. 
0.004-ipr increase in ¢. 

*“‘New Methods of Analysis of Machining Processes,”’ by M. E. 
Merchant and Norman Zlatin, Proceedings of the Society for Experi- 
mental Stress Analysis, vol. 3, no. 2, 1946, pp. 4-27. 
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crease in ¢ is, in general, greater at the higher a@,, 7, and V, and 
lower t. (5) r, increases very significantly as the cutting speed in- 
creases from 125 to 750 fpm. The increase is about 17 per cent 
for every 100-fpm increase in V, and V lower than 350 fpm, and 
about 11 per cent for higher ". The per cent increase in r, with 
an increase in V is, generally, greater at the lower V, a@,, and ¢, 
and higher 7. 

The thickness ratios r,, obtained in the conventional manner, 
are given in Table 1 and are partly reproduced in Fig. 13. The 
results indicate that the behavior of r, is quite similar to that of 
r,. The major difference between r, and r, lies in the fact that 
the magnitude of r, is up to 6 per cent larger than r,, particularly 
at the higher values of a,, 7, and t. Table 1 shows that r, varies 
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from 0.153 when V = 125 fpm, a, = 5.5 deg, i = 10 deg, andt = 
0.004 ipr to 0.522 when V = 750 fpm, a, = 31.5 deg, i = 37 deg, 
and t = 0.012 ipr. 


Spreciric CurrinGc ENERGY AND EXPERIMENTAL OBSERVATIONS 

The total work done in removing a unit volume of the work- 
piece material or the specific cutting energy u can conveniently be 
calculated from the following equation given by Shaw, Cook, and 
Smith® 


Mechanics of Three-Dimensional Cutting Operations,” by 
M. C. Shaw, N. H. Cook, and P. A. Smith, Trans. ASMF, vol. 74, 
1952, pp. 1055-1064. 
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where b is the width of cut. The specific cutting energies, thus 
calculated, are given in Table 1 and are partly reproduced in Figs. 
14(a,b). A study of Table 1 and of Fig. 14 permits the following 
observations: (1) The specific cutting energy varies from 190,000 
psi when V = 750 fpm, a, = 37 deg, i = 31.5 deg, and ¢ = 0.012 
ipr to 615,000 psi when V = 125 fpm, a, = —10 deg, 7 = 33.5 
deg, and t = 0.004 ipr. (2) The specific cutting energy decreases 
about 5 per cent for every 5-deg increase in a, and about 1 per cent 
for every 5-deg increase in 7, particularly for ¢ greater than 0.004 
ipr. (3) u decreases up to 20 per cent for a 0.004-ipr increase in t. 
The per cent decrease in u with an increase in ¢ is, in general, 
greater at the lower a, and 7, and higher ¢t and V. (4) wu de- 
creases up to 40 per cent when V increases from 125 to 750 fpm. 
The most substantial decrease occurs for V between 125 and 350 
fpm, for a, smaller than 20 deg, and for ¢ = 0.008 ipr and greater. 
The decrease in u with an increase in V becomes very small how- 
ever for V greater than 350 fpm, a, larger than 20 deg, and t = 
0.004 ipr. 


CONCLUSIONS 


The following may be concluded from the study of the force 
components, chip geometry, and specific cutting energy obtained 


when dry, end-cutting SAE 1015, 118 Bhn seamless-steel tubing‘ 


with a carbide tool: 


1 The three-component dynamometer, described here, pro- 
vides consistent results and helps evaluate oblique and orthogo- 
nal cutting. 

2 <A 5-deg increase in the normal rake angle a, results in a 
5 per cent decrease in the cutting force F, and the lateral force F,, 
a 10 per cent decrease in the thrust force F,, a 6 per cent increase 
in the chip cutting ratio r,, and a 5 per cent decrease in the specific 
cutting energy, u. 

3 A 5-deg increase in the inclination angle i results in an up to 
1 per cent decrease in /',, a 55 per cent increase in /',, an up to 
3 per cent decrease in F,, an up to 4 per cent increase in r,, and a 1 
per cent decrease in wu. 
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4 A 0.004-ipr increase in the feed t results in an up to 90 per 
cent increase in F',, an up to 85 per cent increase in F,, an up to 
60 per cent increase in F,, a 14 per cent increase in r,, and an up 
to 20 per cent decrease in u. 

5 A 100-fpm increase in the cutting speed V for V up to 400 
fpm results in an up to 12 per cent decrease in F’,, no significant 
change in F’,, an up to 14 per cent decrease in F,, a 17 per cent 
increase in r,, and an up to 13 per cent decrease in u. For V 
higher than 400 fpm the effect of an increase in V on the previous 
factors is comparatively smaller. 

6 A variation of 0.004 ipr in t produces the greatest change in 

F 7. Ty and u. A variation of 100 fpm in V produces a 
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smaller change. A variation of 5 deg in a, produces a yet smaller 
change. A variation of 5 deg in 7 produces the least change in 


F,, Fy, 7) 7, and u, but the next to the largest change in F,, after ¢. 
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Shear-Strain Rate in Metal Cutting and Its 
Effects on Shear-Flow Stress 


By DIMITRI KECECIOGLU,? MILWAUKEE, WIS. 


A relationship is derived from which the average shear- 
strain rate in the shear zone, during orthogonal as well as 
oblique cutting, may be calculated if the average shear- 
zone thickness is known. A method of determining the 
average shear-zone thickness is described, which in- 
volves the use of a mechanism that stops the cutting 
process practically instantaneously and thus ‘“‘freezes” 
the process of chip formation. The variation of the 
shear-zone thickness and of the shear-strain rate with the 
normal rake angle, the inclination angle, the feed, and 
the cutting speed when dry-machining SAE 1015, 118 
Bhn seamless-steel tubing is determined. The average 
shear-zone thickness is found to vary from 0.0007 to 0.007 
in. and the average shear-strain rate from 2500 to 212,000 
per sec. The shear-flow stress in the shear zone is calcu- 
lated and found to be 2'/; to 3'/, times the static shear- 
flow stress of approximately 26,000 psi. The effect of the 
shear-strain rate on the shear-flow stress in the shear zone 
is analyzed and it is found that an increase in the shear- 
strain rate is accompanied by a significant increase in the 
shear-flow stress. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


Ap = cross-sectional area of “chip” before removal from 
workpiece, sq in. 
D = mean tube diameter, in. 
= shear-zone thickness measured in direction of chip flow, 
in. 
shear-zone thickness measured in plane perpendicular to 
cutting edge and in direction parallel to tool face, in. 
thickness of glide lamellae, in. 
normal shear-zone thickness, in. 
shear force; force component along shear zone, Ib 
lateral force; force component acting in direction per- 
pendicular to cutting force and parallel to surface 
generated, lb 
cutting force; force component acting in direction of 
motion of tool relative to workpiece, lb 
thrust force; force component acting in direction per- 
pendicular to cutting force and to surface generated, 
Ib 
= time required for shear to traverse the shear zone, sec 
inclination angle; angle between direction of tool mo- 


1 This paper is based on the author’s PhD dissertation at Purdue 
University, Lafayette, Ind. 

2 Engineering Scientist-in-Charge, Mechanical Laboratory, 
search Laboratories, Allis-Chalmers 
Mem. ASME. 

Contributed by the Research Committee on Metal Processing and 
presented at the Annual Meeting, New York, N. Y., November 25-30, 
1956, of THe AMERICAN Society OF MECHANICAL * ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, July 26, 
1956. Paper No. 56—A-154 


Re- 
Manufacturing Company. 


tion relative to workpiece and perpendicular to cutting 
edge, measured in plane of surface generated, deg 
= strain-rate-hardening exponent 
tube speed, rpm 
chip cutting ratio = /./] 
chip thickness ratio = ¢/t, 
mean shear-zone temperature, deg F 
= thickness of ‘‘chip’’ before removal from workpiece, 
depth of cut or feed, inches per revolution (ipr ) 
cutting velocity; velocity of tool relative to workpiece, 
feet. per minutes (fpm) 
chip-flow velocity; velocity of chip relative to cutting 
tool, fpm 
component of V, in plane perpendicular to cutting edge, 
fpm 
component of cutting velocity perpendicular to shear 
plane, fpm 
= spacing of successive shear planes, in. 
= normal rake angle; angle between perpendicular to 
workpiece surface generated and perpendicular to 
cutting edge drawn in plane of tool face, deg 
true shear strain undergone by chip during its formation 
true mean shear-strain rate in chip formation, per sec 
an arbitrary shear-strain rate, per sec 
= chip-flow angle; angle between perpendicular to cutting 
edge and direction of chip flow over face of tool, 
measured in plane of tool face, deg 
shear-flow angle; angle between direction of shear of 
metal on shear plane and perpendicular to cutting edge 
of tool, measured in shear plane, deg 
mean normal stress acting on shear zone, psi 
= mean shear-flow stress in shear zone, psi 
shear-flow stress at Yo, psi 
= normal shear angle; angle between shear plane and sur- 
face being generated, measured in plane perpendicular 
to cutting edge of tool, deg 
grain elongation angle; angle between direction of grain 
elongation in chip and shear plane, measured in plane 
perpendicular to cutting edge, deg 


INTRODUCTION 

One of the major objectives of the metal-cutting theory is the 
determination of the machining forces, chip geometry, tool life, 
energy consumption, and surface finish of workpiece, from a 
knowledge of the physical properties of the workpiece and tool 
materials, and of the cutting conditions alone. If this is achieved, 
then delicate dynamometry, lengthy chip measurements, time- 
consuming and costly tool-life tests, numerous calculations, and 
many surface-finish determinations might be dispensed with to 
arrive at the optimum cutting conditions. This objective may be 
partially attained if the factors that affect the primary physical 
property of the workpiece material—the shear-flow stress at the 
shear zone t—are determined and their level of significance 
established. One of these factors might be the shear-strain rate 
7, in the shear zone. Moreover, if the magnitude and effect on 
tT of the very large y encountered in the metal-cutting process is 
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determined, then metal cutting may become a very important 
testing method for the determination of the dynamic physical 
properties of machinable materials. Such a possibility was sug- 
gested by Drucker (1)? and Shaw (2). It appears then that the 
determination and analysis of the effect of y on 7 would contribute 
toward the goals of metal-cutting theory and toward the establish- 
ment of a more expedient method of dynamic testing. 


3’ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 


EXAGGERATED 
SHEAR ZONE— 


WORKPIECE 


SCHEMATIC SHEAR-ZONE GEOMETRY 
locations where 
measured.) 


1 


(Dots show the approximate shear-zone thickness was 


Fic. OF SHEAR ZONE (X 500) 


= 21 deg, i = 10 deg, t = 0.008 ipr, V = 332 fpm, gr = 
va = 18.3 deg, and den = 0.00243 in.) 


20.2 deg 
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The values of 7 may be calculated from machining dynamome- 
ter and chip-geometry data by known techniques. To determine 
7, however, new techniques and formulas had to be found. These 
are presented in this paper. But before the presentation, the 
process of chip formation and the concept of the shear ‘“zone”’ 
must be understood. 


Process oF Merat CurrinG AND THE SHEAR ZONE 


In machining the metal may undergo shear strains y that 
vary from about 1 according to Shaw, Cook, and Finnie (3) to 
about 10 aecording to Zlatin and Merchant (4). This strain oc- 
curs under extremely high strain rates, high compressive stresses, 
and moderately high temperatures, and is confined to a very nar- 
row zone that extends from the cutting edge of the tool to the 
work surface, as shown in Fig. 1, and is called the shear zone. 
The process of chip formation starts and ends within the bound- 
aries of the shear zone. At the lower boundary there occurs the 
transition from the completely undeformed workpiece to the 
shear-zone area where the first grain elongation begins under the 
combined action of high shear and compressive stresses. At the 
upper boundary the transition is from the completely deformed 
workpiece material to the completely formed chip and the stop- 
page of any additional deformation within the chip, excluding 
the chip face. This pro ess may be seen in Figs. 2 and 3. The 
workpiece material first reaches the lower boundary of the shear 
zone, then gets displaced by shear towards the left and simul- 
taneously slides up the tool face to form the chip, as illustrated by 
the regions marked A, A’ and B, B’ in Fig. 4. If the metal can 
undergo the required deformation without fracture then a con- 
tinuous Type 2 chip is formed which flows smoothly up the tool 
face in a continuous ribbon. 

In Fig. 3 the shear-zone boundaries are shown as two parallel 
lines only to represent the average spacing between the bound- 
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Fic. 4 Scuematic SHEAR ZONE AND FoRMATION 
(Formation of chip is illustrated by the transition from region A to A’ and 


region B to 


aries. Actually the boundaries are not straight and the shear- 
zone thickness is not uniform. The shear zone may be wedge- 
shaped and possibly thicker near the tool edge than near the 
workpiece surface, thus giving rise to the curled chip observed in 
many machining operations. There are indications in Fig. 3 that 
the grain deformation is slower near the lower shear-zone bound- 
ary than the upper. The implications are that strain-hardening 
might be taking place within the shear zone. It also may be seen 
that the direction of grain elongation y, is different from the 
shear direction ¢,. The relationship between these two angles 
is given by (5) 


2 cot 2y,, = cot g, + tan (yg, — a,) 


It must be pointed out that plain shear is not the only means 
by which deformation may be taking place in the shear zone. 
(a) Slip on the cleavage planes of the grains, (b) general adjust- 
ment of the grain boundaries to accommodate the elongated 
grains, (c) general movement in the grain-boundary material 
accompanied by auxiliary movements within the grains, (d) rota- 
tion of slip planes, (e) twinning, and (f) subdivision of existing 
grains into smaller units may also be occurring. Some of these 
modes of deformation may be seen to occur in Figs. 2 and 3 toa 
lesser or greater degree. Most noticeable is the last means of 
deformation, particularly as the grains approach the upper 
boundary of the shear zone. 

Arrempts To Date To Estimate SHEAR-STRAIN 
Curttine 


RATE IN 


From the foregoing, it may be concluded that the shear strain 
in the cutting process is fully consummated within the boundaries 
of the shear zone. Hence, the mean shear-strain rate in metal 
cutting may be determined from a knowledge of the magnitude of 
the shear strain and of the time it takes for this strain to traverse 
the shear zone. Various atiempts have been made to estimate 
the shear-strain rate in orthogonal cutting; namely, by Drucker 
(1, p. 1017), Freudenthal (6, p. 354), Chao and Bisacre (7, p. 2), 
and Shaw (8, pp. 3-12). Drucker assumed that the mean 7¥ is 
equal to y divided by the average time A required to traverse the 
shear zone, or from Fig. 1 

0.27 0.2yV sin 
"a/v. 4/Veng, d,, 


Assuming y = 2, d, < t/20, t = 0.010 in., V = 200 fpm, and 
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¢n = 15 deg, Drucker calculated a y = 40,000 per sec and stated 
that only for very low V and large ¢ does the value of 7 in metal 
cutting go down to that obtained in high-speed impact experiments 
conducted by Manjoine (9) and Fehr, Parker, and DeMichael 
(10). 

Freudenthal assumed V = 100 fpm, ¢ = 0.01 in., g, = 20 deg, 
a thickness of glide lamellae d, of the order of magnitude of 4 X 
10~* in., and a ¥y of the order of magnitude of 0.1. He then cal- 
culated ¥ as follows 


0.2yV sing, 0.2 X 0.1 X 100 x 0.34 
Y ry 4x 10-8 
= 16,000 per sec...... [3] 


Freudenthal stated that this y exceeds that imposed by impact 
loads applied at bullet velocities. 

Chao and Bisacre stated that “the strain rate commonly feund 
in machining operations is estimated to be of the order of 10° to 
10° per sec.”’ 

Shaw derived the following relationship for y 


where A, is the “spacing of successive shear planes.’? Shaw as- 
sumed that a reasonable mean value for A, would be about 10~¢ 
in., and taking V = 100 fpm, a, = 0 deg, and ¢, = 20 deg cal- 
culated a mean shear-strain rate of y = 213,000 per sec. Shaw 
stated that the maximum y might be many times this value or of 
the order of 10° per sec and that this is a very high value when it 
is realized that the strain rate in an ordinary tensile test is but 
10~* per sec and in the most rapid impact test about 10® per sec. 

The foregoing sources provided only estimates of y. Values 
for y, determined experimentally, could not be located in the 
literature available to the author. Anticipating an effect of y in 
the metal-cutting process and realizing the drastic changes in 
the physical properties of materials produced by very high y, the 
experimental determination of y was undertaken. It was found, 
however, that a direct measurement of y under cutting condi- 
tions is practically impossible. A relationship was derived, con- 
sequently, from which y may be calculated if the cutting condi- 
tions and the magnitude of the shear-zone “thickness,’’ den, 
shown in Fig. 1, are known. The derivation of this relationship 
is given next. 


FoRMULATION OF SHEAR-STRAIN RATE IN ORTHOGONAL ‘AND 
OBLIQUE CUTTING 


The shear-strain rate in metal cutting, y, is defined here by 


where y may be calculated from the relationship derived by 
Merchant (11) 


cot ¢, + tan — a@,) 


(6) 


= 
cos 7, 


In Equation [6] ¢, may be determined from 


COS 
ang, = 
sin a, 


and », from 


tan 7 cos (g, — @,) — tan 7, sin ¢, 


cos 
n 
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In Equation [8] 7, may be calculated from 


re 
- COS 2... 


cos 7, = 


In Equation [5] h may be calculated from 
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(an = normal rake angle, i = inclination angle, gx = normal shear angle, 
ne = chip-flow angle, and ne = shear-flow angle.) 


where d, may be calculated from 


cos 7, 


and V, may be calculated from 


where 


12 
Substitution of Equations [10], [11], and [12] into Equation [5] 
gives the sought relationship for the calculation of the mean 
shear-strain rate at the shear zone 


den 


Equations [5] through [14] apply to both orthogonal and oblique 
cutting; however, in orthogonal cutting i = n, = n, = O. 
These angles may be seen in Fig. 5. 

The quantity d,, is preferred here because it is more con- 
venient to mount an oblique chip with the cutting edge perpendic- 
ular to the plane of observation, and it is easier to align the cross 
hairs of a filar micrometer, used to measure d,,, with the very 
smooth and relatively straight edge provided by the chip face. 
Equation [14] was used to calculate the values of y presented 
later. It was, therefore, necessary to determine the values of d,,, 
in metal cutting. No theoretical method has yet been developed 
to evaluate d,,; so it was decided to obtain values of d,, by 
measurements on chip specimens into which the process of chip 
formation had been frozen. 


Meruop oF FREEZING THE Process OF FORMATION 


The mechanism shown in Fig. 6 was used to freeze the process 
of chip formation. It was designed to accommodate the same 
tools used to obtain cutting data presented by Kececioglu (12), 
The mechanism consists of a shortened tool pivoted about a 
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heavy pin, and the pin fitted in a yoke. The end of the tool op- 
posite the cutting edge is held against a sear pin by a spring. The 
tool is tripped by manually pulling up a handle which rotates the 
sear pin. The rotation of the sear pin releases the cutting tool, 
which swings out of the way of the chip almost instantaneously 
under the push of the cutting force and the pull of the spring. 
The yoke of the mechanism is held in a tool holder mounted on 
the cross slide of a lathe. 

To obtain chip specimens, a tube of a given material is end cut 
in a lathe by the tool held cocked in the tool-tripping mechanism. 
The carriage and the cross slide of the lathe are manipulated until 
the tool cutting edge straddles the tube-wall thickness. The lead 
screw is engaged and the mechanism fed into the end of the tube. 
After about 20 seconds’ cut, the mechanism is tripped and simul- 
taneously the carriage feed is disengaged. The lathe spindle is 
thereupon brought to stop quickly to avoid breakage of the chip 
formed at the end of the tube. A chip only about !/2 in. long is 
left attached to the end of the tube and the rest is cut off. A ring 
about !/, in. wide is cut off from the end of the tube. Such a ring, 
with the chip attached, is shown in Fig. 7. A portion of the ring 
about '/: in. long and eontaining the chip is sawed off and identi- 
fied by punching the run number on the specimen. 


TECHNIQUE OF MountTING CHip SPECIMENS 


The resulting chip specimens were mounted, about 15 at a time, 
in Castolite. To insure that the cutting edge in each specimen 
was mounted perpendicular to the plane of shear-zone observa- 
tion, the cast-aluminum molds, shown in Fig. 8, were used. The 
lower mold was filled with plaster of paris and before it started 
to set each chip specimen was embedded in it—run number side 
up—so that a little less than half of the chip width protruded above 


the plaster surface. Each specimen was then manipulated until 


the cutting edge was perpendicular to the base of the mold. 


After the plaster had set, the plaster around each specimen was 
carved carefully until half of the specimen protruded above the 
plaster surface and the carved surface around the specimen was 
perpendicular to the chip cutting edge. The specimens were then 


CASTOLITE 
MOLD 
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TRANSACTIONS OF THE ASME 


cleaned with acetone, the upper half of the mold placed over the 
lower mold, and the juncture between the two molds was sealed 
with masking tape. The Castolite was prepared, as per manu- 
facturer’s instructions, and poured into the upper mold and over 
the embedded chip specimens. After furnace curing at 170 F, the 
tape was removed and the two molds separated. It so happens 
that the chip specimens come out of the plaster and remain 
firmly embedded in the Castolite. Sections about 1 in. diam and 
including the chip specimens were sawed off by a band saw, thus 
obtaining mounted chip specimens. The part of the chip pro- 
truding from the Castolite was ground off flush with the plastic, 
and the conventional method of metallographic polishing was 
used to prepare the specimen for shear-zone study. 

This technique of mounting the chip specimens has the follow- 
ing advantages: (a) Many specimens can be mounted in one 
operation; (6) the desired perpendicularity between the cutting 
edge and the plane of observation can be obtained conveniently; 
(c) no high-pressure plastic molding machine nor relatively high 
temperature is required to cure the plastic; and (d) the plastic 
is slightly harder than other mounting plastics, such as lucite, 
and polishes away more evenly with the chip material and 
reduces rounding of the specimen edges during polishing. 


PERFORMANCE OF TooL-TrIPpPING MECHANISM 


The experimental values of d., would be representative of the 
cutting process only if the cutting process has been actually 
frozen in the chip, or if the speed of stopping the cutting process 
is practically infinite. In this mechanism the cutting foree and 
the spring force are of large magnitude as compared to the inertia 
of the tool, hence they give the tool a very large rotational ac- 
celeration away from the chip. At the same time, there is 
nothing in the way of the tool to keep it in contact with the chip 
after tripping. High-speed movies of the mechanism action were 
taken to study its response. Figs. 9(a, b, c) show the significant 
portions of these movies. In Fig. 9(b), at a speed of 60 frames 
per sec, the tripping action was completed in a fraction of one 


(a) (b) (e) 
Fie. 9 Movine Picrures or Toor Action 
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(a, 60 frames per sec; 6, 60 frames per sec closeup; and c, 3500 frames 
per sec.) 
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frame. Fig. 9(c) shows that, at a speed of 3500 
frames per sec the tool has already rotated about 15 
deg in the frame in which the tool was tripped. The 
succession of frames in Fig. 9(c) shows that the dis- 
tance between the tool edge and the white line on 
the tube surface is slowly increasing; consequently, 
the tool edge is moving away from the chip faster 
than the chip is coming at the tool. Also, under 
steady-state cutting conditions the shear zone is 
generally concave downward, the intersection be- 
tween chip and workpiece is generally sharp, and 
the chip thickness, from the chip base up, is uni- 
form. A careful study of the chip specimens showed 
that these conditions were, essentially, satisfied. 
All of these facts provided sufficient proof that 
the tool-trim-ing mechanism produced chips that 
represented steady-state cutting conditions. 


SHear-ZONE THICKNESS 


In all 117 chip specimens of SAE 1015, 118 Bhn 
steel were obtained, of which 17 were duplicates for 
checking purposes. Each Castolite-mounted chip 
specimen was etched with 5 per cent nital for 17 sec, 
washed, dried, and so located on the metallograph 
stage that the chip face was parallel to the vertical 
cross hair of a filar micrometer. The shear zone was 
studied carefully to establish its boundaries, and d., 
was measured in the direction parallel to the chip 
face, at the three quarter-locations shown in Fig. 
1. The average of these measurements was taken 
to be the shear-zone ‘‘thickness.’’ Representative 
values of d., for various cutting conditions are 
given in Table 1. The following observations may 
be made of d.,, from a study of Table 1: 


1 d., decreases as @,, i, and V increase, and ¢ 
decreases. d,, decreases about 7 per cent for a 5- 
deg increase in @,, 8 per cent for a 5-deg increase 
in i, 37 per cent for a 0.004-ipr decrease in t, and 
11 per cent for a 100-fpm increase in V. 

2 d.», is very small and varies from a minimum 
of 0.00070 in. (item No. 25) to a maximum of 
0.00667 in. (item No. 3) for the large range of vari- 
ables experimented with. 

3 The shear-zone thickness decreases as a, and 
i increase because the resulting keener tool edge pro- 
vides a greater concentration of stress in a narrower 
area (7). 

4 dn, decreases as ¢ decreases because fewer 
shear planes are activated and the volume of 
workpiece material available between the tool face, 
the lower boundary of the shear zone and the com- 
pletely formed chip is smaller. 

5 den decreases as V increases, because the 
higher y resulting from higher V does not provide 
as much time for dislocations to migrate and ac- 
tivate more shear planes. 

6 The values Of d., predicted by Drucker (1) and 
Shaw (8) are well within those determined here ex- 
perimentally. 
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TABLE 1 REPRESENTATIVE VALUES OF SHEAR-ZONE THICKNESS, SHEAR- 
STRAIN RATE, AND SHEAR-FLOW ORTHOGONAL AND OBLIQUE 


Work material: SAE 1015, 118 Bhn seamless-steel tubing; D = 3.257 in., b = 0.169 in. 
Tool material: All-purpose, steel-cutting-grade carbide 
Cutting conditions: Dry, end-cutting of tubing 
Item Run . i t don t 
No, No, dege deg, ipr in. per SeCe psi 


168 0.004 1.64 x 104 76,3 x 103 


0.004 1.48 11.8 762 
0.012 6.67 2.6 69.8 
0.012 4260 3.3 70.8 
0,008 2.61 5.8 69.8 
0,008 2.18 8.0 7201 
0,004 1.58 9.0 71.9 
0.012 3.5 71.6 
0.004 1.05 15.5 70.2 
0.012 3.35 502 72.3 


0.004 1.37 965 70.8 
0.004 1.20 12.8 69.8 
0,004 1.33 5.0 70.8 
0.004 1.04 12.3 75.8 
0,012 6.26 7501 
0,012 4.60 2.8 71.3 
0.008 2.76 204 61.7 
0.008 1.98 7.8 72.3 
0.008 1.58 8.0 71.9 
0.004 1,60 3.9 78.0 
0,004 0.99 14.4 77.6 
0,012 5.38 1.2 75 ek 
0.012 3.62 3.9 71.7 
0.004 1.10 5.6 71.0 
0.004 0.70 19.8 81.8 
0,012 5.31 0.5 68.1 
0.012 3.38 4el 772 
0,004 1.23 4.9 71.5 
0.004 0.95 12.2 7926 


Ff Ww ND 


N NY ANY AN AN 


w 


0,004 0.72 17.6 81.5 
0,008 1.31 73.8 
0,004 0.72 15.0 73.0 
0,012 4.31 0.5 72.5 
0,012 3.04 364 7302 
33.5 0.012 2.80 2.2 71.7 
33.5 0.012 2.27 7501 
30.5 0,008 2.26 3.6 75.0 
30.5 0,008 0.92 12.7 83.6 


www iw 
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plotted in Fig. 10(a, b). Additional values are given in Table 1. 
Fig. 10 shows the variation of y obtained with various a@,, i, t, and 


The average shear-strain rates were calculated from Equation V. The mean cutting speed V given in the figure was calculated 
[14] using the measured values of d., and other necessary data from the mean tube diameter and rpm. Fig. 10(a) gives the 
given by Kececioglu (12). Representative values of 7 are shown variation of y under orthogonal cutting conditions and Fig. 10(b) 


= 
j 169 -10 0 
177 =10 0 
176 -10 0 
161 -10 10 
160 -10 10 
146 -10 20 
153 -10 20 
135 -10 30.5 
140 -10 30.5 
2 
4 
182 5.5 10 
181 5.5 10 
191 5.5 10 
189 5.5 10 
1l 22 
12 
2719.5 1 
28 19.5 1 
114 19.5 1 
116 19.5 1 
7% 21 10 
76 21 10 
#1 21 10 
8, 21 10 
31 19 21 
29 19 21 
m 59 
67 
96 
94 
102 
103 
13 
14 
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Fic. 10 SwHear-Stratn RateE—MeEaAn Cuttine-Speep RELATIONSHIP AT VARIOUS NorMAL RAKE ANGLES AND FEEDS 
(a, § = O deg; and b, ¢ = 30 deg.) 


under oblique. The following observations may be made from a 
study of Fig. 10 and Table 1: 


1 y increases about 5 per cent for a 5-deg increase in Q,. 
The per cent increase in y with increasing @, is generally greater 
at the higher a, and 7, and at the lower V and ¢. 

2 vy increases about 7 per cent for a 5-deg increase ini. The 
per cent increase in Y with increasing 7 is generally greater at the 
higher 7, @,, and t, and at the lower V. 

3 ¥ increases about 85 per cent for a 0.004-ipr decrease in ¢. 
The per cent increase in y with decreasing ¢ is generally greater 
at the lower V, ¢, a,, and 7. 

4 y¥ increases about 40 per cent for a 100-fpm increase in V, 
for V lower than 500 fpm, and about 32 per cent for V higher 
than 500 fpm. The per cent increase in y with increasing V is 
generally greater at the higher V, a,, and ¢ and at the lower 7. 

5 The per cent increase in y is generally greater per degree in- 
crease in 7 than per degree increase in a@,, particularly at the 
higher ¢ and lower V. 

6 An increase in V by 625 fpm caused the largest numerical 
increase in y, a decrease in ¢t by 0.008 ipr produced a smaller in- 
crease, an increase in i by 36 deg produced the next smaller, and 
an increase in a, by 46 deg produced the least increase in ¥. 

7 The minimum value of y encountered in these cutting ex- 
periments was 2500 per sec and was obtained when a, = 4 deg, 
t = 0.5 deg, ¢ = 0.012 ipr, and V = 125 fpm. The maximum 
value was 212,000 per sec and was obtained when a, = 30.5 deg, 
i = 36 deg, t = 0.004 ipr, and V = 750 fpm. 

8 The values of y estimated by Drucker (1), Freudenthal (6), 
Chao and Bisacre (7), and Shaw (8) are well within those deter- 
mined here experimentally. 


Errects or SHEAR-STRAIN RATE ON SHEAR-FLOW STRESS 


Now that the magnitude of y is known, its effects on 7 will be 


determined. To accomplish this, 7 was calculated from the 
following equation derived by Shaw, Cook, and Smith (13) 


- sin COS 


T= 
Ao 


where 


F, = [(F, cost — F, sin 7)? + (F, cos ¢, sin i 


+ F, cos 9, cos i — F, sin ¢,)*)'/ 


Values of 7, calculated from the data presented in a previous 
paper of the author (12), are shown plotted versus y in Fig. 11 
(a, b, c,d). Representative values of r are given in Table 1 also. 
Fig. 11(e) is a superposition of Fig. 11(a, b, c, and d) and repre- 
sents 136 data points. The following observations may be made 
from a study of Fig. 11 and Table 1: 


1 If a curve is drawn that passes through the mean of the 
points in Fig. 11(a, b, c, d), it may be found that 7 increases about 
3 per cent for a 20,000-per-sec increase in ¥, for y less than 60,000 
per sec, and about 1 per cent for greater y. The per cent increase 
in 7 with increasing 7 is, therefore, greater at the lower y. This 
increase may be considered small for the relatively large increase 
in 7; however, there is an increase in 7. To present an ex- 
ample; when a, = 10 deg, i = 30.5 deg, t = 0.012 ipr, and V = 
332 fpm, rt = 66,300 psi for y = 15,000 per sec; whereas, when 
a, = —10 deg, i = O deg, t = 0.004 ipr, and V = 746 fpm, rT = 
76,200 psi for y = 118,000 per sec. Here 7 has increased 15 per 
cent for a 690 per cent increase in y. The horizontal line drawn 
in Fig. 11(e) obviates the definite crossing of this line by the 
majority of the points and the increase of 7 with increasing . 

2 In general, r increases when a@, and V increase, but varies 
insignificantly with i and ¢. The increase in 7 is about 3 per cent 
for a 15-deg increase in a, at the lower 7, and about 2 per cent at 
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the higher y. The increase in 7 is greater for a 45-deg increase in 
a,, than for a 620-fpm increase in V. 

3 The spread that exists in the values of 7 indicates that fac- 
tors like the normal compressive stress o that acts on the shear 
zone, the shear strain ‘y, the shear-zone temperature 7’, the preflow, 
and the two size effects that result from the depth of cut and the 
shear-zone volume, might also be significant variables in these 
experiments. A study of the chip specimens revealed no appre- 
ciable preflow. No significant effect on r was detected by a size 
effect due to a variation in the depth of cut ¢. Such a size effect 
has been identified positively only with ¢ less than 0.004 ipr as 
evidenced by the results presented by Backer, Marshall, and 
Shaw (14, fig. 10), and by the discussion of this subject by Kece- 
cioglu (15). A size effect on 7 due to a variation in the shear-zone 
volume is discussed next. The effects of the remaining factors will 
be the subject of subsequent papers. 

4 Itis possible that the meun curve drawn in Fig. 11(e) should 
actually be a family of curves, such as drawn in Fig. 11(f). Each 
one of the curves in Fig. 11(f) represents the mean for a given a,,. 
It must be mentioned here that these individual curves are not 
true means but only represent the trend of the points. The group 
of curves in Fig. 11(f) indicates that a higher curve corresponds to 
a greater value of a,. Such a consistent behavior of rt with a, 
may, among others, be attributed to a shear-zone size effect, first 
introduced by Shaw, Smith, and Cook (16). An increase in a, is 
accompanied by a decrease in d,, or a thinner shear zone, and by 
an increase in ¢, or a shorter shear zone. These two effects 
would produce a shear zone of a smaller specimen size; therefore, 
a higher r would result with a greater a, (16). However, an in- 
crease in @, is generally associated with a substantial decrease 
in the shear-zone temperature also. The rise of r with greater 
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a, may, therefore, be the result of either a smaller shear-zone size 
or a lower shear-zone temperature, or both. 

5 Merchant (17), Drucker (1), Freudenthal (6), Chao and 
Bisacre (7), Shaw (8), and Lee and Shaffer (18) have considered 
the effect of y on 7 either negligible or secondary. The results of 
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Fig. 11 indicate that the effect of y on 7 may be as significant as 
the effects of a, y, 7’, preflow, or specimen size on 7, if not more. 

6 The minimum shear-flow stress encountered in the con- 
ducted experiments was 61,700 psi when y = 23,800 per sec and 
the maximum was 83,600 psi when y = 127,000 per sec. If 
the shear-flow stress in metal cutting is compared with the static 
shear-flow stress at room temperature and pressure for SAE 1015, 
118 Bhn steel of about 26,000 psi, it may be seen that the metal- 
cutting shear-flow stress is from 2'/; to 3!/, times the static shear- 
flow stress. Such a behavior was predicted by Freudenthal (6), 
Lee and Shaffer (18), and Drucker (1). It must be pointed out 
that the flow stress in some metals is not particularly sensitive to 
strain rate, according to Shank (19). In typical nonferrous 
metals, for instance, increasing the strain rate by several orders 
of magnitude may increase the flow stress by perhaps less than 
20 per cent. In low-carbon steels, however, a corresponding in- 


crease in strain rate may increase the stress at which flow occurs 


by over 200 per cent. 
7 The curves drawn in Fig. 11 indicate that for SAE 1015, 118 
Bhn steel, and under metal-cutting conditions, the following re- 


lationship may exist 
72 Ti 
Yo 


Such a relationship was observed by Vitman and Zlatin (20) for 
¥ approaching metal-cutting rates. For the results of Fig. 11, the 
exponent m in Equation [17] would be a positive number and 
substantially smaller than 1. The small but positive value of m 
substantiates the fact that for ordinary low and medium-carbon 
steels, which exhibit a drop in load at yield in the quasi-static 
test, as y increases, the lower yield point increases too but much 
faster than the ultimate stress (7). Hence, a flatter (7-7) 
curve would result as observed by Drucker (1), Lee and Shaffer 
(18), and others. 

8 The extremely high values of y that have been determined 
here provide the key to a paradoxical phenomenon in metal 
cutting. It may be observed in Figs. 2 and 3 that, in spite of the 
extremely high compressive stresses that act on the shear zone 
and the extremely high shear stresses set up in it, the stress 
gradient has penetrated a very small amount into the workpiece. 
This may be explained by the fact that the high y does not allow 
enough time for dislocations to be activated and their motion 
sustained at a depth greater than that of the shear-zone thickness 
(1). There is enough time, however, for strain-hardening to take 
place within each slip plane as slip proceeds (2) and within the 
adjacent slip planes in the very narrow shear zone. Such a strain- 
hardening may be deduced indirectly from the conclusion reached 
by Merchant and Zlatin (21) that a cold-worked material, which 
can undergo little additional strain-hardening, machines more 
readily than the same material in an annealed condition, because 
the latter can undergo more strain-hardening during cutting. 
Another explanation to the narrow shear zone may be provided 
by the fact that at very high y the deformation in the shear zone 
proceeds under adiabatic rather than isothermal conditions. 
Adiabatic conditions locally reduce the resistance to deformation 
and thus confine the deformation to the immediate vicinity of 
load application or tool edge (6). Adiabatic conditions also may 
explain the substantial decrease in the specific cutting energy 
(12) with an increase in V and, consequently, in 7. 

9 High strain rates make very little time available for disloca- 
tions to move; however, in view of the fact that strain-rate- 
hardening has been observed, there must be sufficient time for 
dislocations to move in the shear zone. It has been estimated 
(9, reply by Chao and Bisacre in discussion) that a reasonable 
time for dislocations to move and the metal to display a strain- 
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hardening effect would be from 10-3 to 10-4 sec, based on a dis- 
location velocity of 1/19 to *'/;000 that of sound. The time re- 
quired to traverse the shear zone in these experiments was as 
small as 10-* sec. This indicates that under metal-cutting con- 
ditions dislocations may be moving with the velocity of sound 
and probably faster. 


CONCLUSION 


The tool-tripping mechanism provided chip specimens which 
represented steady-state conditions under orthogonal, as well as 
oblique, cutting. With this mechanism and the technique de- 
scribed in this paper the mean shear-zone thickness could be de- 
termined experimentally. The shear-zone thickness was found 
to vary from 0.0007 to 0.007 in. in SAE 1015, 118 Bhn steel. 
From these values and Equation [14] the mean shear-strain rate 
was calculated to vary from 2500 to 212,000 per see. These com- 
pare with strain rates of 0.001 and 1000 per see encountered in 
the conventional tensile test and the fastest impact test, respec- 
tively. A study of the relationship between the shear-flow stress 
and the shear-strain rate, provides evidence that as the strain 
rate increases the stress increases too. The increase in the shear- 
flow stress is up to 3 per cent for a 20,000 per sec increase in the 
mean shear-strain rate. Consequently, the effect of the shear- 
strain rate on the shear-flow stress may be as significant as the 
effects of the compressive stress that acts on the shear zone, the 
shear strain, the shear-zone temperature, the preflow, the depth 
of cut, and the shear-zone size, if not more so. It must be 
pointed out, however, that the true effect of the shear-strain rate 
on the shear-flow stress can only be evaluated if the foregoing 
factors were constant during the cutting experiments. But very 
few cutting conditions can be found which would maintain these 
factors constant and, furthermore, provide a wide enough range 
of shear-strain rates to permit proper evaluation of the effect of 
the shear-strain rate on the shear-flow stress. Finding the true 
effect will be the subject of future papers. 
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by M. E. 


Discussion 


D. R. Wavkxer.* The author has made a valuable contribu- 
tion to metal-cutting research by providing the first really quan- 
titative estimates of strain rate in cutting. If metal-cutting 
data are ever to become of importance in the evaluation of the 
physical properties of materials, quantities such as shear-strain 
rate and shear-zone temperature most certainly will have to be 
adequately determinable in addition to the parameters now com- 
monly measured. 

The normal shear angle @, may be calculated from the author’s 
data according to the relationship 

sin cos + [cos a,(K cos — cos 


cos @, — K sin? @, cos 7, 


where K = 02V' 
be calculated from Equation [6]. 
Unfortunately, sufficient information is not included in Table 
1 to permit calculation of @, and y for other than orthogonal 
cutting conditions. However, the values of @, and y in Table 2 
may be added to the data of Table 1. 


When tan @, is known, the shear strain y may 


4 Senior Scientist, Materials Section, Research and Advanced De- 
velopment Division, Avco Manufacturing Corporation, Lawrence, 
Mass. 


TABLE 2. VALUES OF AND ¥ 


Item on (deg) 


tees ND 


The data in Table 2 illustrate strongly that the technique used 
by the author to estimate shear-strain rate is not sufficiently ac- 
curate to permit quantitative evaluation of the relative effect of 
various parameters on the cutting process. The values of a 
and ¥ obtained for item 4 are, for example, not realistic quantities. 
Moreover, one would not expect the effeet of a change of depth of 
cut on shear angle and shear strain to be as strong as suggested 
by comparison of items 1 and 3, 20 and 22, and 21 and 23; nor 
would one expect the reversal of the effect of depth of cut on @, 
and ¥ indicated by items 21 and 23 when compared to items 20 
and 22, or 1 and 3. The high values of @, and low values of y 
exhibited by items 30 and 31 are also unusual for SAE 1015 steel. 

In evaluating the effect of strain rate on flow stress, the author 
admittedly has not considered such variables as normal compres- 
sive stress, shear strain, shear-zone temperature, preflow, and 
shear-zone size. 
on flow stress may be expressed qualitatively in the oversimplified 
relation 


The effect of shear strain and shear-zone size 


B 


dt/sin by [19] 


In this equation 7» is the shear stress required to initiate flow, A 
is the strain-hardening modulus, and B is a size-effect constant. 
In essence, this equation states that the stress required to achieve 
a given amount of plastic strain is equal to the stress required to 
produce initial plastic flow, plus a stress increment due to strain- 
hardening, plus a stress increment due to constraint of the strain 
within a small zone. This last increment may be considered as 
the increase in strain-hardening effect owing to a volumetric 
limitation of the number of deformation systems available for 
plastic flow. 

Application of the oversimplified Equation [19] to the data of 
Table 1 as augmented by Table 2, gives the results shown in Fig. 
12 of this discussion. The shear strain-hardening modulus A 
was arbitrarily taken as 2400 psi, a plausible value for SAE 1015 
steel. The solid line drawn among the data of Fig. 12 is simply 
a typical curve of the family given by Equation [19] rearranged 
as 


{ + 
d,t/sin 


The scatter of data in Fig. 12 is such that no conclusions may be 
drawn as to the validity of the oversimplified Equation [19]; 
while similarly the scatter in the author’s Fig. 11 precludes proper 
evaluation of any strain-rate effect. 

In conclusion, it must be said that all the important factors 
influencing shear-flow stress will have to be considered simultane- 
ously if an adequate picture of the metal-cutting process is to be 
presented. The qualitative Equation [19] should thus contain 
additional terms to account for strain rate, temperature, com- 
pressive stress, and soon. An excellent attack on the strain-rate 
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factor has been made by the author. His promised discussion of 
the other parameters in future papers should clarify the influence 
of strain rate as presented here. 


AvuTHOR’s CLOSURE 


The author thanks Mr. Walker for his discussion. The values 
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of g, and given in Table 3 were used to arrive at the values 
of y which correspond to the items in Table 2. The values in 
Table 3 are realistic and some differ substantially from those in 
Table 2. If Mr. Walker used the same equations to derive 
Equation [18] as were used to derive Equation [14] and the 
same values given in the paper to calculate gy, as were used to 
calculate y, the values in Table 2 should be the same as in 
Table 3. The difference may be due to the high sensitivity of 
Equation [18] to small variations in a, and to the number of 
significant figures used to calculate ¢,. The author agrees 


with Mr. Walker that only a simultaneous consideration of all 
factors significantly affecting + would provide an adequate 
picture of the metal-cutting process. 


TaBLe 3 VALUES OF ¢, AND Y Usep To CALCULATE THE ¥ 
FOR THE Items GIVEN IN TABLE 2 


Pn (deg) 
13.1 
13.7 
13.3 
15.0 
13.8 
13.8 
13.5 
19.0 
20.5 
24.9 
25.2 
26.9 


Item 
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A Method for Calculating Vibration 
Frequency and Stress of a Banded 
Group of Turbine Buckets 


By M. A. PROHL,! WEST LYNN, MASS. 


Steam-turbine buckets are normally covered at the tips 
by a band. The band is applied in segments, each seg- 
ment elastically joining together a given number of 
buckets. In studying vibrational behavior the buckets 
should be treated as banded groups rather than as in- 
dividual cantilevers. A method of analysis, suitable for 
digital computation, is presented which gives all of the 
natural frequencies and mode shapes of a banded group of 
buckets subject to the usual limitations of the elemen- 
tary beam theory. Axial and torsional motion as well as 
tangential is considered. Also a procedure is included for 
evaluating vibration amplitude and stress at resonance. 
Damping is assumed to be small and the energy input to 
the banded group from a prescribed form of nozzle stimu- 
lus is equated to the energy dissipated in damping to de- 
termine vibration-stress levels. Sample calculations have 
been made on the I.B.M. Electronic Data Processing Ma- 
chine, Type 704, and the results of these calculations are 
given in a companion paper (1).? 


NOMENCLATURE 
The following nomenclature is used in the paper: 


cross-section area of the band, sq in. 

torsional stiffness constant for cross-section, in.‘ 

radial distance from root of blade to point of fixation in 
dovetail, in. 

modulus of elasticity (tension), psi 

energy, in-lb 

exciting force, |b 

total tangential driving force acting on bucket, Ib 

longitudinal force (band), lb 

modulus of elasticity (shear), psi 

acceleration due to gravity, in./sec* 

moment of inertia of cross-section, in.‘ 

concentrated torsional inertia at a bucket station, lb-in.? 

resonant-response factor 

number of nozzles per 360 deg 

blade height, in. 

bending moment (bucket), Ib-in. 

bending moment (band), lb-in. 

number of buckets per 360 deg 

rotational speed, revolutions per sec (rps) 

order of harmonic 


* Engineer, Special Design, Medium Steam Turbine, Generator, 
and Gear Department, General Electric Company. Mem. ASME. 
2? Numbers in parentheses refer to the Bibliography at the end of the 


paper. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 25-30, 1956, of Tae AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, August 10, 
1956. Paper No. 56—A-116. 


spacing of buckets at band, in. 

frequency of exciting force, radians/sec 
intensity of exciting force per unit length of bucket, Ib/in. 
number of station at tip of bucket 
fractional value of stimulus 

number of buckets in banded group 
torsional moment (bucket), Ib-in. 

torsional moment (band), lb-in. 

time, sec 

longitudinal displacement (band), in. 
shearing force (bucket), lb 

shearing force (band), lb 

blade width at pitch circle, in. 
concentrated weight at a bucket station, lb 
distance, in. 

displacement (bucket), in. 

displacement (ban), in. 

section modulus, cu in. 

= phase angle 

phase angle 

logarithmic decrement of damping 

slope (bucket) 

slope (band) 

bending stress, psi 

shearing stress, psi 

angular rotation (bucket) 

angular rotation (band) 

natural frequency of vibration, radians/sec 


= 


w 
y 
y 
Z 
a 
p 
6 
0 
6 
w 


GENERAL CONSIDERATIONS 


The vibration of banded groups of turbine buckets has been 
considered by several writers (2, 3,4). The analysis of this paper 
follows the approach used by Smith (2). However, axial and tor- 
sional vibration is considered and procedures more suitable for 
digital computation are developed. 

The banded group of buckets is assumed to consist of a number 
of identical, parallel buckets evenly spaced as shown in Fig. 1. 
A point of fixation, hereafter referred to as the base of the bucket, 
is chosen in the dovetail at some appropriate distance D below the 
root of the blade. Hinge flexibility, both flexural and torsional, 
may be introduced at the base of the bucket if desired. The 
buckets may be either of uniform or of nonuniform cross section. 
The distributed weight and torsional inertia of each bucket is 
represented by a series of concentrated weights and concentrated 
torsional inertias located at the numbered stations shown in Fig. 1 
(station 0 at the base to station r at the tip). The usual assump- 
tions of the elementary beam theory apply with regard to both 
flexure and torsion. The buckets are assumed to be inextensional 
in the longitudinal direction. Shearing deformation and rotatory 
inertia are disregarded. 

The weight (and equivalent torsional inertia about the bucket 
axis) of one pitch of band is lumped at each bucket tip (station r). 
The sections of band connecting adjacent buckets are then treated 
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Fic. 1 Scnematic REPRESENTATION OF GROUP OF 
BUCKETS 


as massless beam elements having flexural, torsional, and exten- 
sional flexibility. The band is assumed to be firmly attached to the 
buckets at station r. 

The principal axes of moment of inertia of all cross sections of 
the buckets are assumed to be perpendicular to and parallel to the 
plane of the wheel on which the banded group is mounted. Also 
the center of twist of the bucket cross sections is assumed to coin- 
cide with the center of gravity of the cross sections. By virtue of 
these assumptions there will be two classes of normal modes of 
vibration—a series of pure tangential modes (displacement 
parallel to the plane of the wheel) and a series of coupled axial and 
torsional modes (displacement perpendicular to the plane of the 
wheel and angular rotation about the longitudinal axes of the 
buckets). The coupling between axial and torsional motion 
arises from the action of the band connecting the bucket tips. 

The method employed to calculate the natural frequencies and 
mode shapes of the banded group of buckets is a modified Holzer 
technique (5). A trial frequency of vibration is selected and the 
deflection curves for the buckets are calculated in terms of the un- 
known reactions at the base of the blade. Expressions for the 
conditions to be satisfied at the tips of the various buckets in the 
group are then evaluated and these expressions yield a frequency 
determinant. A value of trial frequency which makes the deter- 
minant equal to zero is thereby a natural frequency of the system. 
In any specified frequency interval the natural frequencies are 
located approximately by trial and error and then accurately by 
an interpolation procedure. 

In calculating flexural vibration the bucket is represented by a 
series of concentrated masses connected by massless, elastic, beam 
elements as shown in Fig. 2. If the values of bending moment M, 
slope 9, displacement Y, and shearing force V, are specified at 
any station n along the bucket, then the corresponding values at 
the next station, n + 1, are given by the following relationships 
(5, 6, 7) 


Maw M, + (AX),,V, 
You = Y, + (AX),0, + ¢,M, + d,V, 


Vati = + 


The quantities M, 0, Y, and V are positive as shown in Fig. 2. 
a,, b,, Cn, and d, are flexural flexibility factors for the beam ele- 
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Vv 


| | | 

| | Yn | 


Stations- n n+2 


Fic. 2. CONVENTIONS FoR FLexuRAL VIBRATION OF BUCKET 


ment between stations n and n + 1. If the beam element is of 
constant cross section, then 


(AX), 

El, 
(AX),? | 

| 
d, = | 
6El, } 


The complete flexural deformation of the bucket is obtained by 
a step-by-step application of Equations [1] starting with station 0 
at the base and terminating with station r at the tip. These 
numerical computations are made in two parts, one in terms of 
the unknown shearing force Vo at the base and the other in terms 
of the unknown bending moment Mo. Following are the initial 
values for the two parts 


Part 1 Part 2 

M, = 0 Me =1 

Oo = 0 Q=A 
3) 
Ve = 1 Vo = 0 


A represents a hinge flexibility factor at the base. (A = 0 fora 
built-in condition.) The two parts of the calculation are super- 
imposed to give net values at any desired station. At the tip of 
the bucket (station r) the following equations give net values of 
bending moment, slope, deflection, and shearing force 

M, = M,'Vo. + M,"Ma 

0, = 0,’Vo + 8,"Mo 
+ 


. [4] 


ll 


where the single primes and double primes denote values obtained 
from parts 1 and 2, respectively, of the numerical computations. 

In calculating torsional vibration the bucket is represented by a 
series of concentrated torsional inertias connected by massless, 
elastic, torsion elements as shown in Fig. 3. If the values of angu- 
lar rotation ® and torsional moment 7’ are specified at any station 
n along the bucket, then the corresponding values at the next sta- 
tion n + 1, are given by the following well-known Holzer rela- 
tionships (8) 
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Fic. ConventTIONS FOR TorRSIONAL VIBRATION OF BUCKET 


The quantities ® and 7 are positive as shown in Fig. 3; e, is the 
torsional flexibility factor for the torsion element between sta- 
tions n and n + 1. If the torsion element is of constant cross 


section, then 


The complete torsional deformation of the bucket is obtained 
by a step-by-step application of Equations [5] starting with 
station 0 at the base and terminating with station r at the tip. 
Following are the initial values used in the numerical computa- 
tions 


To 
Py 


A represents a pivot flexibility factor at the base (A = 0 for a 
built-in condition), At the tip of the bucket (station r) the fol- 
lowing equations give resultant values for angular rotation and 
torsional moment 


where the primes denote values obtained from the numerical 
calculation, 


TANGENTIAL VIBRATION 


The calculation of the natural frequencies and mode shapes for 
tangential vibration requires an evaluation of the restraints im- 
posed by the band at the tips of the buckets. As indicated in Fig. 
4, the deformation of the band is a combination of flexure in the 
radial direction (y-axis) and extension in the tangential direction 
(x-axis.) Consider first the flexure of the band element 1-2 lo- 
cated between station 1 (the point of attachment of the first, or 
end bucket, in the group) and station 2 (the point of attachment 
of the second bucket.) Since the buckets are assumed to be inex- 
tensional the radial displacements y at stations 1 and 2 must be 
zero and the following equations are obtained relating the internal 
bending moments m:” and m2’ to the slopes 6; and 6, (note that 
lower-case symbols represent bending moment, slope, displace- 
ment, and shearing force in the band while upper case symbols 
represent the corresponding quantities in the bucket) 


a m,” + 40; + 20, = 0 | 


Pp 
EI, me 20, — 462 

where m,” is the internal bending moment in the band just to the 

right of station 1, mz,’ is the internal bending moment just to the 

left of station 2, and J, is the tangential moment of inertia of the 

band cross section. 

Similar equations apply to band elements 2-3, 3-4, and so on, 
and are obtained by a simple advance of the subscripts in Equa- 
tions [9]. 

The bending moments external to the band are related to the in- 
ternal bending moments as follows 


(Am); = m,” 
(Am). = 


(Am); = m3” — mz,’ | 


— ms’ 
ete, 
Substituting Equations [9] and the corresponding equations 
for successive band elements in Equations [10] gives 
a,Am); + 40, + 20. = 0 ) 
a,(Am); + 20; + 80, + 20, = 0 | 
a,(Am); + 20, + 84; 20, = 0 
etc. } 
where 
El, 
The internal longitudinal force f; in band element 1-2 is related 


to the tangential displacement u; and uz at stations 1 and 2, re- 
spectively, as follows 


a, 


+ — Ue = 0 


where A is the effective cross-section area of the band. 

Similar equations apply to band elements 2-3, 3-4, and so on, 
and are obtained by a simple advance of the subscripts in Equa- 
tion [12]. 

The tangential forces external to the band are related to the in- 
ternal longitudinal forces as follows 


Extension 


3 


2 


Flexure 


“<9 


Fic. 4 FiLexure aNnp Extension or Banp For TANGENTIAL 
VIBRATION 


171 
Th 
x 
) 
g 
(AX), 
¢, = GC, 
=1 
=A } 
= | 
T, = T,'To | 
te 
(am), “Se, (Amy * 


(Af) = —Si 
(Af: = fi—fs 
(Af): = fe 


etc. 


Substituting Equation [12] and corresponding equations for 
successive band elements in Equations [13] yields 


h(Af): — uw + = 0 
h(Af): + — + uy = 0 
h(Af)s + uz— 2us + wm = 0 


ete. 


h= BA 
Combining the identities listed in Fig. 5 with Equations [4] for 
tangential flexure of the bucket gives the following equations con- 
necting the band quantities at station n with the tangential shear- 
ing force Vo, and the tangential bending moment M4, at the base 
of the nth bucket 


(Am), = = M,'Von + M,"Mom 
(0), = 0,, = O,’Von + Mon 

(Af\n = Ven = V,'Von + V,’Mon 

= Y,, = + Y,’Mon 


Substituting Equations [15] in Equations [11] and [14] yields 
the final set of simultaneous Equations [16] (shown in tabular 
form) from which the frequency determinant is obtained. Note 
that there are two equations for each bucket and that these pairs 
of equations are similar for all interior buckets in the banded 
group, the equations for successive interior buckets being obtained 
by a simple advance of the subcripts of the unknowns, Vo, Ma, 
Voz, Moz, etc. 

Because of the symmetry of the banded group about the middle 
space or the middle bucket, it is not necessary to write equations 
for all the buckets in the group, but only for those on one side of 
the middle (plus the middle bucket if there is an odd number of 


Vo. 


Un 
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group are identical in both magnitude and phase; with odd sym- 
metry the displacements are identical in magnitude but opposite 
in phase. Based on these definitions of symmetry special 
equations are developed for the bucket adjacent to or at the 
middle and these equations become the final equations in the 
determinantal set. Thus the order of the frequency determinant 
is essentially halved (exactly one half for an even number of 
buckets in the group) and the computation effort is greatly re- 
duced. Following are the final equations of the determinantal set 
for even and odd numbers of buckets in the group and for even 
and odd symmetry: 

Even Number of Buckets in Group (s = No. of Buckets). Let 
the bucket adjacent to the middle be the nth bucket. n = 8/2. 

For even symmetry: Vo, nt: = Von. Mo, att = Mon 

The equations for the nth bucket in Equations [16] become 


Von M On 


Me, ove 


+ (20,’) + (20,") + (a,M,’ + 100,’) + (a,M," + 100,") = 0 


+ (Y,’) 


buckets in the group.) Two types of symmetry, even and odd, 
must be recognized. With even symmetry the displacements of 
two buckets similarly located with respect to the middle of the 


. [16a] 
+ (Y,”) + (AV,’ — Y,’) + (hV,” — Y,”) = 0 
There will be a total of s equations in the determinantal set. 
‘For odd symmetry: Vo, n+: = —Von, Mo. n+i = —Mon 
The equations for the nth bucket in Equations [16] become 


Equations [16] 


Buck. 


no. Ma 
+ (a,M,” + 40,”) 


Y,”) 


Va 


+ (a,M,’ + 40,’) 
+ (hV,’ — Y,’) 


+ (20,”) 
+ (Y,”) 


Ve 
+ (20,’) 
+ (7,1 
+ (a,M,’ + 80,’) 
+ (AV,’ — 2Y,’) 


+ (a,M,’ 
+ (AV,’ — 2Y,’) 


Me 

+ (20,”) 

+ (Y,") 
+ (a,M,” + 80,”) 
+ (hAV,” — 2Y,") 


+ (20,") 
+ (Y,’) 


+ (a,M," + 80,") 
+ (AV," — 2Y,") 


+ 80,’) 
+ (Y,”) 
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Mo. n-l 


Vo. nl 


+ (Y,’) + + (AV,’ —3Y,’) + (hAV,” —3Y,’) =0 


There will be a total of s equations in the determinantal set. 


Odd Number of Buckets in Group (s = No. of Buckets). 
middle bucket be the nth bucket. n = (s + 1)/2. 

For even symmetry: Vo, a+: = Mo, -1 

The equations for the nth bucket in Equations [16] become 


+ (40,’) + (40,") + (a,M,’ + 80,’) + (a,M,” + 80,”) 
+ (2Y,’) + (2Y,") + (hV,’ — 2Y,') + (AV,” — 2Y,") 


Let the 


Vo. Mo, n+l 


Vo. Von 


There will be a total of s + 1 equations in the determinantal set. 
For odd symmetry: 
Von = Mon = 0 
The equations for the nth bucket drop out and the final equa- 
tions in the set are those applying to the n — 1 bucket 


Vo. Mo, n-2 Mz, 


Vo. = —Vo, Mo, —Mo, a-1, 


Vo. 


The forces external to the band are re- 
lated to the internal force as follows 


( Av); 
(Av) 
(Av)s 


etc. 


+ (20,') + (20,") + (a,M,' + 80,’) + (a,M," + 80,") =0 


There will be a total of s — 1 equations in the determinantal set. 

When the value of natural frequency has been determined with 
sufficient accuracy from Equations [16], relative values of the 
shearing forces and bending moments at the bucket bases, Vo, 
Moi, Voz, Moz, ete., may be evaluated by a back-substitution proc- 
ess in Equations [16]. Values of relative displacements and 
bending moments for the entire system may then be evaluated by 
the operations indicated in Equations [4]. 


AXIAL AND ToRSIONAL VIBRATION 


The development of the equations for calculating natural fre- 
quencies and mode shapes for axial and torsional vibration will 
be given with a minimum of explanation since the analysis is simi- 
lar to that for tangential vibration. As indicated in Fig. 6 the 
deformation of the band is a combination of flexure in the axial 
direction (y-axis) and torsion about the longitudinal axis of the 
band (z-axis.) The following equations relate the internal bend- 
ing moments mm,” and m,’ and the internal shearing force » for 
band element 1-2 to the slopes 6; and 6; and the displacements 1; 
and 

+ pt: + — 3y2 = 


me’ ~- — — + = 0 


p? 
2E 


where 7, is the axial moment of inertia of the band cross section. 
Similar equations apply to band elements 2-3, 3-4, etc., and 
are obtained by advance of the subscripts in Equations [17]. 
The bending moments external to the band are related to the 
internal bending moments by Equations [10]. Therefore 
¢a(Am): + 2p6; + + — = 0 
+ ph, + 4p, + + 3m — 3ys =0 [18] 
c,(Am)s + + 4p; + + = 0 


etc. 


..[ 16d] 


0 


Torsion 
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Therefore 
d,(Av), — pO, — pbs — 2y: + 2y2 = 0 
d,(Av)s + — + 2y, — dye + 2ys = 
d,(Av)s + p02 + 2y2— 4ys + 2u = 


etc. 


9 


The internal torsional moment ¢; in band element 1-2 is related 
to the angular rotations ¢; and ¢; as follows 


Gc ti + oi — de 


where C is the torsional stiffness factor of the band cross sec- 
tion. 
Similar equations apply to band elements 2-3, 3-4, etc., and 
are obtained by a simple advance of the subscripts. 
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The torsional moments external to the band are related to the 
internal torsional moments as follows 
(At) 
(At). = 
(At)s 


etc. 
Therefore 


e(At), —- di + de 
e(At)s + gd: — + = 
e(At)s + — 2g; + da 
ete, 
where 
Pp 


Combining the identities listed in Fig. 7 with Equations [4] for 
axial flexure of the bucket gives the following equations connect- 
ing the band quantities at station n with the axial shearing force 


Von, the axial bending moment Mo,, and the torsional moment 
Ton at the base of the nth bucket 


(Am), = Ty, = T,'Ton 
(Av), = V,, = V,’Von + 
6, = = 
Ya = Yon = Y,'Von + 
(At), = M,, = M,'Von + M,"Mon 
= —O,, = —O,'Vin — | 


Substituting Equations [24] in Equations [18], [20], and [23] 
yields the final set of simultaneous Equations [25] from which the 
frequency determinant is obtained. Note that there are three 
equations for each bucket and that these groups of three equations 
are similar for all interior buckets in the banded group. 

Again because of the symmetry of the banded group, equations 


L 
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All quantities 
are positive as 
shown 
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need to be written only for the buckets on one side of the middle of 
the group, thereby reducing the order of the frequency determi- 
nant by essentially one half. The terms “even symmetry”’ and 
“odd symmetry’’ will apply to the axial-displacement pattern. 
(It should be noted that when the axial displacements exhibit 
even symmetry, the * » iar rotations of the buckets will exhibit 
odd symmetry, and vice versa.) Following are the special equa- 
tions applying to the bucket adjacent to or at the middle of the 
group, these equations being the final equations in the determinan- 
tal set [25]. 

Even Number of Buckets in Group (s = No. of Buckets). Let 
the bucket adjacent to the middle be the nth bucket. n = 8/2. 

For even symmetry: Vo, = Von, Me. = Mon, To. = 

The equations for the nth bucket in Equations [25] become 
those in Equations [25a]. There will be a total of 3s/2 equations 
in the determinantal set. 

For odd symmetry: Vo, n+1 = —Von, Mo. n+: = —Mon, To. nti = 
Ton 

The equations for the nth bucket in Equations [25] become 
those in Equations [256]. There will be a total of 3s/2 equations 
in the determinantal set. 

Odd Number of Buckets in Group (s = No. of Buckets). 
middle bucket be the nth bucket. n = (s + 1)/2. 

For even symmetry: Vo, n41 = Vo. n—1, Mo. = Mo, n-i, To. avi 
= —To.n-1, Ton = 0 

The equations for the nth bucket in Equations [25] become 
those in Equations [25c]. 

For odd symmetry: 
To. nt1 = To. 0-1, Von = Mon = O 

The equations for the nth bucket in Equations [25] become 
those in tabular form, Equation [25d] 


Let the 


Vo.ntt = —Vo.n-1, Mo. ati = —Mo. n-1, 


Equations [25d] 
+ 6Y,” + (c,7T,’ + 4p®,’) = 0 


To, 


+ 2p,’ 


Vo, 
+ 6Y,’ 

Nore: Two equations have dropped out, leaving only one; also the Von 
and Mon terms are omitted since Von = Mon = 0. These terms also should 


be omitted in the equations for the n — 1 bucket. There will be a total of 
(3s — 1)/2 equations in the determinantal set. 


(section b-b) VIBRATION AMPLITUDE AND STRESS 
Vibration amplitude and stress are deter- 
mined by a procedure similar to the one de- 
scribed by Kimball (9) for a single turbine 
bucket. 
The following assumptions are involved in 
addition to those already made for the fre- 
quency calculation: 


1 The banded group of buckets moves at 
constant speed behind a full are of uniformly 
spaced, identical nozzles. 

2 Owing to the nonuniform character of the 
flow from the nozzles, each bucket in the group 
is subjected to an exciting force which varies 
cyclically with time, one complete force cycle 
corresponding to one nozzle pitch. This exciting 
force may be resolved into tangential, axial, and 
torsional components and each of these direc- 
tional components may be resolved into a series 
of harmonic components. 

3 A condition of resonance is assumed to 
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exist between a given harmonic of the exciting force and a natu- 
ral frequency of vibration of the banded group of buckets; 
i.e., the frequency of the harmonic exciting force (number of 
harmonic times number of nozzles per 360 deg times rotational 
speed) is equal to the natural frequency. Under this condition 
of resonance only the given harmonic of the exciting force will 
supply any net energy to the vibrating system. 

4 The amplitude and the phase angle of the given harmonic of 
the exciting force may vary in any prescribed manner along the 
length of the bucket. 

5 The damping of the vibrating group of buckets is assumed 
to be small so that a natural frequency-mode shape determined 
on the basis of no damping may be considered to represent the 
actual mode shape. 

6 The over-all damping for the banded group may be ex- 
pressed in terms of a logarithmic decrement and since the damp- 
ing is assumed to be small, the total energy dissipated per cycle of 
vibration is taken equal to twice the logarithmic decrement times 
the total vibrational energy of the banded group. 

7 At resonance the energy supplied to the vibrating buckets 
in the banded group is completely dissipated in damping. 


Assume that the banded group of buckets is vibrating at some 
given natural frequency w(rad/sec). The displacements ¥;, Yo, 
... Y, of buckets numbered 1, 2, .. . 4 may be represented as 
follows 

= Y,(zr) sin wt 


= Y,(z) sin wt 


; = Y,(z) sin wt.. 


where ¥,(z), ¥.(x),... Ys(x) are functions of the distance z from 
the base and are obtained from the frequency and mode-shape 
calculation. 

As the vibrating buckets move past the nozzies they are sub- 
jected to acyclic force of fundamental frequency 27kN (rad/sec) 
where k is the number of nozzles per 360 deg and N is the rotational 
speed (rps). The sinusoidally varying force in Fig. 8 represents 
the nth harmonic of this force and has a frequency p (rad/sec) 


where n = number of harmonic (1, 2, 3, ...). 


Pitch-Bu. Pitch Pitch 


° 
—Noz. Pitch —=-Noz. Pitch 
| r | 
| 
Fie. 8 Excitinc Forces Actinc on BanpED Group or Buckets 
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Since the intensity of this harmonic may vary along the length 
of the bucket, the force 7; acting on the leading, or first bucket, 
in the group is represented in differential form as follows 


dF, = qdz cos (pt + £). 


where g is the amplitude of the harmonic force per unit of radial 
distance z, t is the time in seconds, and B is the phase angle in 
radians relative to the bucket velocity. 

The differential force dF’: acting on the second bucket will lag 
behind that on the first bucket by an amount of time equal to 
1/mN seconds where m is the number of buckets per 360 deg 


dF, = qdz cos |» + 
mN 


dF, = qdzx cos [pt - 


where 


a = 2amnk/m 
For the ith bucket 


dF, = qdx cos [pt — (i — + Bj......... [30] 
These forces and the time lags are shown graphically in Fig. 8. 
The energy dE, supplied to the ith bucket by the force acting 
on an element of length dz for an element of time dt is 
dE, = dF; — dt. 


where it is assumed that the force F; and the displacement Y; both 
have the same direction. It is not necessary at this stage of the 
analysis to make any distinction regarding the direction. Later 
three directions of force and displacement will be considered; 
tangential, axial, and torsional. 

Substituting Equations [26] and [30] in Equation [31] and 
applying appropriate integration limits gives the totai energy 
supplied to the ith bucket during one cycle of vibration 


D+L 2r (xed 
[pt — (i — 1a + cos wid(wtl)..... [32] 


where D + L is the total distance from the base of the bucket to 
the tip (Fig. 1). 

Placing p = w (the assumed condition of resonance) and inte- 
grating with respect to time gives 


D+L 
(ED; = rf, 
0 


The integration with respect to distance z along the bucket in 
Equation [33] is performed numerically. Values of the displace- 
ment Y,(z) are available from the frequency and mode-shape 
calculation at a series of stations along each bucket. The dis- 
tributed exciting force is replaced by an equivalent series of con- 
centrated exciting forces AF acting at these same stations. 

The total energy E, supplied to the complete banded group is 
then given by the following equation 


t=1 t=1 7=0 
[Bo + B; — Y,(AF); 


where the subscript i represents the number of the bucket in the 
group; the subscript j represents the number of the station along 
the bucket; By is a reference value of phase angle; 8, is a value of 
phase angle for station j of the No. 1 bucket relative to Bo. 


cos [8B — (i — Y,(x)qdz .. . . [33] 
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For calculation purposes it is desirable to replace the displace- 
ment Y,; and the exciting force (AF); in Equation [34] by dimen- 
sionless ratios 


E, = >> cos [Bo + — (i — 
t=1;=0 
( 
Yn 


Y,, = maximum displacement in banded group 
Fo average value of tangential driving force acting on one 
bucket 
S “stimulus,”’ or ratio of total exciting force per bucket, 
Z(AF), to driving force Fo 


where 


Note that in the summation of Equation [35] and in all subse- 
quent operations the values of (AF’/F>) must be scaled so that 


(AF 


The trigonometric function in Equation [35] may be expanded as 
follows 


cos + — (i — 
= cos Bo{ cos 8; cos (i — 1)a@ + sin B; sin (i — 1)a} 
— sin Bo{sin 8; cos (i — 1)a — cos B, sin (i — la} 


and let 


C = A, cos — Da + sin (i — 1)a 


s 
D = >> Ay sin (i — 1)a — B, cos — 1a 
t=1 
Equation [35] becomes 
E, = wY,,FS(C cos By + D sin Bo] 


when 
—D 
By = —tan-! 


the value of FE, is a maximum and is equal to 
E, = + D*) 


The energy dissipated in damping E, is equal to twice the 
logarithmic decrement 6 times the total vibrational energy of the 
banded group. The total vibrational energy is most conveniently 
expressed as a summation of kinetic energies for all the stations in 
the banded group 


1 w 1J 
(flexure) (torsion) 


Equations [38] and [39] are the basic relationships employed 
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in the derivation of final equations for resonant-vibration ampli- 
tude and stress. In deriving these final equations it is necessary 
to consider three separate cases involving the various types of 
excitation and vibration as follows: 


CaseI. Tangential Excitation and Tangential Vibration 


In calculating A; and B;, Equations [36] and [37], the dis- 
placement and exciting force ratios have the following signifi- 
cance 


tangential displacement at station 7 on ith bucket 


maximum tangential displacement in group 


tangential exciting force at station 7 


average tangential driving force on bucket 
The equation for the energy supplied £, becomes 
E, = TY oS[V/(C? + D?)), 


where the subscript ¢ denotes that C and D apply to the case of 
tangential excitation and tangential vibration. 
The equation for £4 is written in the following form 


where 


i=1j3=0 


Equating E,, Equation [40!, to Ez, Equation [41], and solving 
for Y,, gives the magnitude of the resonant-vibration amplitude 
(at the station where maximum displacement occurs). This 
resonant-vibration amplitude will be denoted by Y, to distinguish 
it from the arbitrary displacement values obtained from the fre- 
quency and mode-shape calculation 
Fol { 29 [V(C? + 


G, 


The tangential bending moment M,, at the blade root due to 
resonant vibration is obtained by multiplying Equation [42] by 
the ratio of M,,, the maximum tangential bending moment at the 
root, to Y,,, the maximum tangentia' displacement in the group. 
This ratio is obtained from the frequency and mode-shape caleu- 
lation 


Mu = 


(C2 2) 
su, {Ms 2% + 


Y,, Lew G, 


M., = K, 7 SM, 


where K, = resonant-response factor (tangential) 
2% [V(C? + 
Y,, |, G, 
M, = steam bending moment at blade root = F,L/2 


Dividing both sides of Equation [43] by the tangential section 
modulus Z, gives ¢,,, the tangential bending stress at the blade 
root due to resonant vibration 


= 
i 
(+) 
g 
Y AF 
A; = B; [36] 
— Y AF 
= 
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where 


M,/Z, 
Case II. 


Axial Excitation and Axial and Torsional Vibration 


In calculating A; and B,, Equations [36] and [37], the dis- 
placement and exciting-force ratios have the following sig- 


nificance 


axial displacement at station j on ith bucket 


(4 
Fo); 


maximum axial displacement in group 


axial exciting force at station j 


average tangential driving force on bucket 


The equations for energy supplied £, and energy dissipated E, 


are 


E, = + [45] 


where 


r 


2 ®\ 2 
G, = 2, + 
t=] j= m/ m/i 


Since rotation ® is coupled with axial displacement Y, it is neces- 
sary to include rotational energy along with displacement en- 
ergy in Equation [46]. 

Equating FE, and E, yields final equations for M,,, the axial 
bending moment at the blade root due to resonant vibration and 
Ova, the axial bending stress at the blade root due to resonant 
vibration 


where 
K, = resonant-response factor (axial) 
M,,\ 29 [V(C?+ D], 
M, = steam bending moment at blade root = FoL/2 
0,, = «axial steam bending stress at blade root = M,/Z, 
Z, = axial section modulus at blade root 
Case III. Torsional Excitation and Torsional and Axial Vibration 


In calculating A; and B;, Equations [36] and [37], the displace- 
ment and exciting-force ratios have the following significance 


angular rotation at station 7 on ith bucket 


maximum angular rotation in group 


- 


exciting torque at station 7 


i 


< arbitrary steam torque on bucket 


The exciting torque at each station along the bucket is visual- 
ized as a concentrated force AF offset from the elastic axis of the 


= tangential steam bending stress at the blade root = 
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bucket by a distance equal to one half the blade width W. The 
“‘stimulus’’ S will be defined as the ratio of the sum of these excit- 
ing torques to an arbitrarily defined steam torque 7’, at the blade 
root where 7’, is equal to the average tangential driving force Fp 
times one half the blade width W. 

The equations for energy supplied E, and energy dissipated EF, 
are 


E, = + [49] 
g 


where 


8 r © 2 y 2 
G, = J 
2 

Since axial displacement Y is coupled with angular rotation ®, it 
is necessary to include displacement energy along with rotational 
energy in Equation [50)}. 

Equating F, and E, yields final equations for 7’,, the torque at 
the blade root due to resonant vibration, and 7,, the torsional 
stress at the blade root due to resonant vibration 


= Ke ST, . 
6 
where 
K, = resonant-response factor (torsional) 


T, 9 [V(C?+ 
®,, G 


w? 


r 
= arbitrary steam torque at blade root = FyoW/2 
steam torsional stress at blade root = 7T,/Z, 

= torsional section modulus at blade root 


The foregoing equations for resonant-vibration stress, Equa- 
tions [44], [48], and [52], give values of stress at the root of that 
blade where the root stress is a maximum. Values of stress 
at other locations in the banded group may be obtained by 
considering the values of relative bending moment (or torque) 
from the frequency and mode-shape calculation and the values of 
section modulus applying to the other locations. 

The numerical integrations involved in the evaluation of energy 
supplied and energy dissipated for the three cases are shown as 
summations extending over the entire banded group. If the sym- 
metry of the vibration modes as defined in preceding sections of 
the paper is considered, then the summations need to cover only 
half of the banded group. The details of these simplifications are 
omitted in the interests of brevity. 


CONCLUSIONS 


Calculations have been made according to the procedures out- 
lined in the paper on the I.B.M. Electronic Data Processing 
Machine, Type 704 for a number of banded groups of buckets of 
varying geometry. With single-precision, floating-point opera- 
tion of the computer (approximately eight significant figures) a 
large number of modes of vibration can be obtained with no 
trouble due to excessive loss of significant figures. For medium- 
height buckets the highest modes which can be obtained from the 
point of view of calculation accuracy will have frequencies well 
above the level for which the beam-theory assumptions remain 
valid. 


: 
w? 
g 
6 
w 
AF — 
Fo /; = 


JANUARY, 1958 


For buckets where the principal axes of moment of inertia of 
the cross section are appreciably skewed with respect to the tan- 
gential and axial directions or where the blade has a significant 
amount of twist along its length, the procedures of this paper are 
not directly applicable but may be extended to cover these situa- 
tions. For banded groups of skewed or twisted buckets there will 
be coupling between both components of flexural motion and the 
torsional motion. 

Additional coupling between flexure and torsion results from 
the dissymmetry of the bucket cross section with respect to the 
principal axes of inertia. This dissymmetry causes the center of 
twist to be displaced from the center of gravity. For medium- 
height buckets of customary proportions with negligible skew 
and twist of the principal axes of the cross sections, the center of 
twist will be displaced essentially in the tangential direction. 
The coupling effect will be negligible for tangential vibration 
and it is believed to be of minor significance for many of the axial 
and torsional modes of vibration. 

It has been assumed in the analysis that each banded group can 
be treated as a separate entity. For axial modes of vibration the 
wheel on which the buckets are mounted will participate and 
there will be coupling between banded groups. This wheel action 
will be most pronounced at low frequencies. At frequencies of 
the order of the frequency of passing nozzles, wheel action is much 
less pronounced and the results obtained from the present analysis 
should be adequate for design purposes. 
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Discussion 


R. W. Noran.*? The modified Holzer technique used by the 
author appears to be well suited to digital calculations. The 
writer’s company has found it to be economical for digital calcula- 
tion of higher-order critical speeds of long overhung shafts. In 
the complicated problem handled by the author, this method 
should result in a considerable saving of engineering time. 

The logarithmic decrement of many materials is not constant 
but varies with stress, usually increasing with increased stress. 
Furthermore, considerable damping is obtained in the root 
fastenings of turbine blades. The value of 6 which is used in 
Equations [41], [46], and [50] will then be a function of the 
value Y,,. The writer is interested in the author’s procedure 


3’ Engineering Service Division, E. I. du Pont de Nemours & 
Company, Wilmington, Del. Mem. ASME. 
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for obtaining a value of 6 which represents the average for the 
entire blade group. 


Appon Rvusi0.4 The problem of determining the natural 
frequencies and operating stresses of a banded group of turbine 
buckets has occupied the efforts of numerous investigators. 
The author is to be commended on the complete and systematic 
presentation he has made on a practical method of attack. 
Within the limitations set forth by the author, which are justi- 
fiable in the bucket sizes and constructions with which he is con- 
cerned, this paper is by far the most advanced of any published. 

However, when the subject is a long, slender, highly twisted 
airfoil, grouped by numerous tie wires as well as cover bands, the 
arithmetic increases severely. This is due (as the author men- 
tions) to the various coupling actions. The matrix size of the 
transfer functions required increases from approximately the 
number of buckets involved (s in the case of decoupled tangential 
vibration) to approximately two and a half times the number 
of buckets when all the necessary coupling actions are accounted 
for. In the case of ten of these slender buckets being grouped to- 
gether, the determinant to be evaluated would be 25 X 25 in 
size. In order to achieve three-place accuracy in the final cal- 
culated frequency, the determinant evaluation would require 
double-precision and perhaps triple-precision calculations (24- 
decimal digits). The final calculated mode shape is an even 
more critical function of the determinant evaluation. 

Also of vital importance in the calculation of the natural fre- 
quencies of long slender buckets is the action of the centrifugal 
field. Of lesser importance is the proper determination and eval- 
uation of initial twist, camber, center of twist, dovetail fixity, 
and wheel action. 

In closing, the writer would like to venture the opinion that 
this excellent paper will become a basic tool in the design of steam 
turbines. 


AuTuor’s CLOSURE 


Mr. Nolan has raised some pertinent questions with regard to 
logarithmic decrement of damping. The decrement 6 as used in 
the paper represents the total damping in the banded group of 
buckets. As Mr. Nolan suggests, two types of damping are 
present: (i) Material damping due to internal friction and (ii) 
structural damping due to mechanical fits and joints (for the type 
of buckets under consideration aerodynamic damping may be 
properly disregarded). 

Measurements of material damping are available for standard 
12 per cent chrome iron.’:*7 The material damping is a function 
of the vibratory stress level and, since this alloy exhibits magneto- 
mechanical effects, the damping is substantially reduced by the 
presence of steady centrifugal stresses. If the values of material 
damping are expressed in the form of damping energy per unit 
volume per cycle in the manner of Lazan,® then the total energy 
dissipation in the banded group may be obtained by integrating 
over the total volume for any specified distribution of vibratory 
and centrifugal stresses. 

Relatively little is known regarding structural damping in tur- 
bine buckets under operating conditions. The evaluation of 


‘Buckets and Rotors Engineering, Large Steam Turbine, Gen- 
erator Department, General Electric Company, Schenectady, N. Y. 
Assoc. Mem. ASME. 

“Effect of Static Stress on the Damping of Some Engineering 
Alloys,” by A. W. Cochardt, Trans. ASM, vol. 47, 1955, pp. 440-450. 

*“The Effect of Static Mean Stress on the Damping Properties of 
Materials,”” by Neal L. Person and Benjamin J. Lazan, presented at 
Annual Meeting 6f ASTM, June 17-22, 1956. 

7“The Specific Damping of Fixed-Fixed Beam Specimens,” by 
W. C. Hagel and J. W. Clark, Journal of Applied Mechanics, Trans. 
ASME, vol. 79, 1957, pp. 426-430. 
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structural damping is, for the present, largely a matter of a judi- 
cious engineering estimate. Further study of structural damping 
in dovetail and rivetted connections under steady loads corre- 
sponding to centrifugal forces is needed. 

Since the total damping varies with the amplitude of vibratory 
stress, the value of logarithmic decrement 6 used in Equations 
[44], [48], or [52] for evaluating resonant vibration stress must be 
consistent with the calculated stress level. This requires a trial- 
and-error process of calculation. 

Mr. Rubio has mentioned some of the complications that arise 
when additional factors are included in the calculation method. 
The consideration of twist in the buckets represents a logical next 
step in the extension of the methods of the paper. As Mr. Rubio 
notes, the frequency determinant for a simple banded group of s 
twisted buckets will be of order 5 s/2 (exactly 5 s/2 for an even 
number of buckets in the banded group, and approximately so for 
an odd number if full advantage is taken of the symmetry of 
the banded group). The addition of a single tie wire to the 


banded group would double the order of the determinant, the 
addition of two tie wires would triple the order, etc. 
The question of accuracy of solution is a most difficult one 
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with which to deal and the author will confine his comments to 
actual experience with the computer program based on the 
method of the paper. Frequency determinants up to 18 X 18 in. 
size have been satisfactorily evaluated by single precision arith- 
metic (8 significant figures) for modes of vibration of the type 
shown in the companion paper. No evidence of breakdown or 
significant loss of accuracy has been observed. The procedure 
used in evaluating the determinant is all important. The author 
has used the Gauss process® whereby elements in the matrix below 
the principle diagonal are successively reduced to zero. Each step 
in the reduction process involves division by a diagonal element 
and the key to successful reduction is the rearrangement of the 
matrix prior to each division to bring the numerically largest ele- 
ment still available into the given diagonal position. The results 
obtained with this system of determinant evaluation have far ex- 
ceeded the author’s original expectations. 


* Reference (1) in Bibliography. 

*“Contributions to the Solution of Systems of Linear Equations 
and the Determination of Eigenvalues,” edited by Olga Taussky, 
Applied Mathematics Series 39, National Bureau of Standards, issued 
September 30, 1954. 


High-Frequency Vibration of 
Steam-Turbine Buckets 


By F. L. WEAVER! ano M. A. PROHL,? WEST LYNN, MASS. 


The design of short and medium-height steam-turbine 
buckets is discussed with regard to the possibility of res- 
onant vibration at the frequency of passing nozzles or 
multiples of this frequency. Particular attention is given 
to the design problems involved in marine applications. 
A new calculation procedure (1)' is used to obtain the 
various natural frequencies (tangential, axial, and tor- 
sional) of a banded group of buckets and the related mode 
forms and vibration-stress levels. Calculation results ob- 
tained on the IBM Electronic Data Processing Machine, 
Type 704, are presented and are discussed with relation to 
their influence on bucket design. 


INTRODUCTION 


HE steam turbine offers a wide variety of challenging op- 
portunities for the expression of engineering ingenuity and 
knowledge. It would be difficult to pick out a single tur- 

bine-design feature and say that this design feature is the one 

which required the most engineering skill or experience or is the 

more important. If a list were made of design candidates for 

this distinction it certainly would be found that the turbine bucket 

was high on such a list. Bucket design covers a large scope of 

engineering knowledge and involves the co-operative efforts of 

engineers in several scientific fields such as fluid flow, heat trans- 

fer, structures, strength of materials, and vibration. 

It is the purpose of this paper to discuss the design of turbine 

buckets, principally marine-turbine buckets, 

from the point of view of vibration. Various 

phases of this subject have been reviewed in 

the literature (2-7). This discussion applies 

specifically to medium-height buckets which 

have high natural frequencies and which operate 

with full 360-deg-are diaphragms. It will in- 

volve the relationship between bucket-vibration 

characteristics and mechanical performance and 

service. 

Reliability of operation is of prime importance 

in all design features of the marine turbine. 

The operation and in some cases even the safety 

of the ship depend on the proper functioning of 

the propulsion equipment. It follows that me- 

chanical reliability must be a major considera- 

tion in the design of the turbine bucket. 


1 Manager, Mechanical Engineering, Medium 
Steam Turbine, Generator and Gear Department, 

General Electric Company. Mem. ASME. 

2 Engineer, Special Design, Medium Steam Tur- 
bine, Generator and Gear Department, General 
Electric Company. Mem. ASME. 

? Numbers in parentheses refer to the Bibliog- 
raphy at the end of the paper. 

Contributed by the Power Division and presented 
at the Annual Meeting, New York, N. Y., November 25-30, 1956, 
of Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, August 
10,1956. Paper No. 56—A-119. 
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ale 


Fic. 1 Typrcat Hicu-PressureE Marine TURBINE 


Fie. Typica, Low-Pressure Marine TURBINE 


A typical cross-compound marine turbine as made by the 
authors’ company, Figs. 1 and 2, will have approximately nine- 
teen moving rows with a total of about 3000 buckets per turbine. 
It is apparent from the large numbers involved that the me- 
chanical reliability of the individual buckets must be extremely 


TABLE 1 


Turbine Speed 
High Press/Low Press, 


8901/8138 
8080 


5805 
5942/3961 
3600 
6072/4048 
544344/ 4021 
6324/4184, 
6575/4038 
6487/3809 
6277/3685 
6525/3780 
6159/3509 
9606/4151 
6522/3790 
6586/4257 
6122/3483 
5978/3408 


6456/3265 


good in order to insure the over-all reliability of the propulsion 
equipment. A study has been made of the mechanical perform- 
ance of the buckets in twenty-seven different marine propulsion 
designs as shown in Table 1. Over 1000 ships have been powered 
with these turbines, and of these well over one half are currently 
in service. Operating records show that in any one year the num- 
ber of rows of buckets in which trouble has occurred has aver- 
aged less than five hundredths of one per cent of the total number 
of rows in service. This is a yardstick of past performance and 
does not reflect recent advances in bucket design made possible 
by the knowledge gained from operating experiences, laboratory 
tests, and analytical studies. 


DesiGn CoNsIDERATIONS 


Most of the bucket troubles that do occur are associated with 
resonant vibration. Therefore, any fundamental study of bucket 
mechanical performance and reliability must concern itself with 
bucket performance at resonance. There are several types of 
stimuli associated with the flow of steam through the turbine 
which can cause significant vibration of the buckets at their 
natural frequencies. A major type of vibration stimulus and 
the only type which will be considered in this paper is the stimu- 
lus arising from the action of the individual nozzles. This 
stimulus has a period equal to the time required for the buckets 
to travel a distance of one nozzle pitch or, in other words, the 
stimulus has a fundamental frequency equal to the number of 
nozzles which the buckets pass per unit of time, hereafter referred 
to as ‘frequency of passing nozzles.’’ Since the stimulus is non- 
sinusoidal in character it also can excite the buckets at frequen- 
cies which are multiples of the frequency of passing nozzles. 
Ordinarily the nozzle stimulus will produce a major effect at the 
frequency of passing nozzles. However, the magnitude of the 
stimulus at the higher frequencies or harmonics can be significant 
and the second and possibly the third harmonic should not be 
overlooked. 

All turbines are normally designed with the bucket height 
increasing from stage to stage to allow for the expansion of the 
steam. Every bucket has a large number of natural frequencies. 
Each of these frequencies is related to bucket height and will tend 
to be high in the first stage and will be less in each succeeding 
stage depending upon the height and other dimensions of the 
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bucket and wheel assembiy. The number of nozzles feeding 
each row of buckets varies somewhat from stage to stage but 
for the impulse-type turbine the total variation is not too great. 
It follows from these characteristics that at any given turbine 
speed one or more stages will run with a bucket natural fre- 
quency close to or equal to the stimulating frequency of the 
nozzle. That is, the frequency of some given mode of bucket 
vibration which may be well above the frequency of the stimulus 
of the nozzles for the first stage, may for some succeeding stage 
come extremely close to the frequency of passing nozzles. On 
constant-speed turbines it is possible by proper selection of 
nozzle and bucket to avoid any given bucket resonance. In 
general, this cannot be done on marine turbines or otber vari- 
able-speed turbines. In these cases where bucket resonances 
annot be avoided an evaluation of the probable level of vibration 
stress should be made and features of design should be selected 
to minimize the vibration stresses. 

From the foregoing discussion it can be concluded that the 
buckets in the marine turbine can and do operate at speeds 
which put the frequency of passing nozzles at exactly the right 
frequency to coincide with one of the many natural frequencies 
of the bucket. This condition of operation is not only normal 
to marine turbines, but is also present in a great number of con- 
stant-speed land turbines. Fig. 3 shows a plot of approximately 
150 different bucket designs for land-type, constant-speed tur- 
bines. These buckets have one particular feature in common; 
namely, that they are operating with the second type tangential 
frequency (see modes 2, 3, 4, 5, and 6 of Fig. 5) close to resonance 
with the frequency of passing nozzles. A factor proportional to 
the average steam bending stress at the root of the bucket is 
plotted against the ratio of bucket-vibration frequency (second 
tangential) to frequency of passing nozzles. Since the term 
“second-type tangential frequency’’ actually refers to a discrete 
number of frequencies, the plot in Fig. 3 is composed of lines 
rather than points to indicate the range of these frequencies 
(this will be discussed in more detail later. ) 

Each of the buckets represented in Fig. 3 has had from three to 
ten years of operation. They were largely designed when the 
phenomena of high-frequency vibration of turbine buckets were 
not too well understood and when analytical methods were not 
too well formulated. Consequently it was customary to design 
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Type 
2700 91.7 435 
300 uo 740 
: 4,000 110 235 640 
5000 90 435 
6000 — 435 720 
6000 92 440 740 
6000 100 740 
7000 109 450 750 
7500 100 585 84,0 
7800 105 425 74,0 
8000 101.6 425-725 
8200 97 435 735 
8500 85 440-740 
8500 100 450 750 
9000 90 435 730 
9000 105 437 
. 12000 105 375 700 
12000 100 6540/4128 585 825 
; 12500 92 6608/3213 600 84,0 
12500 100 6500/4150 585 840 
12500 7062/3438 835 840 
12500 90 6488/4151 850 890 
12800 105 5978/3108 435 740 
16000 6854/3393 585 80 
17500 102 6483/3236 585 855 
19250 102 | 585 855 
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the shorter, stiffer buckets on a statistical basis. It will be noted 
that the majority of the buckets plotted in Fig. 3 which are 
operating successfully, have a steam bending-stress factor of less 
than unity. This value of the factor represents a limiting value 
of the average steam bending stress which may be tolerated on a 
statistical basis if trouble-free operation is to be expected from 
the great majority of those buckets which operate at or near 
resonance with second tangential frequencies of vibration. A 
conclusion of this type is valid only if a certain consistency 
exists in details of construction. No recognition is given to the 
differences that can exist between one design and another with 
regard to such significant factors as magnitude of stimulus and 
level of damping. 

Table 2 has been prepared to illustrate the problems which 
occur in bucket design due to consideration of vibration fre- 
quencies. This table shows possible relationships of the second 
tangential mode of vibration to the frequency of passing nozzles 
for all the ahead stages of an impulse-design, low-pressure, 
marine propulsion turbine. A single second tangential bucket 
frequency has been chosen for each bucket although several 
frequencies in a narrow band actually will be present. The 
shorter buckets in the first three stages have second tangential 
frequencies that are too high to be excited by the frequency 
of passing nozzles even at the maximum turbine speed. The 
fourth-stage bucket and buckets in succeeding stages do come 
into resonance at speeds within the operating range of the tur- 


183 


bine. These resonances occur at different levels of power. For 
Table 2 the power has been assumed to vary as the cube of the 
turbine speed. The fourth stage is shown to be in resonance at 
a turbine power four and one-half times as great as any other 
stage. Thus in the design of this stage particular attention 
must be given to the condition of resonance. Some of the courses 
of action available to the designer in such cases are: 


1 Select the number of nozzles in the fourth-stage diaphragm 
so that the second tangential bucket frequency does not come 
into resonance. 

2 Select the number of nozzles in the fourth-stage diaphragm 
so that the second tangential bucket frequency will come into 
resonance at a lower speed and, therefore, lower power. 

3 Design the fourth-stage bucket so that the second tangen- 
tial frequency will be resonant at a speed above maximum tur- 
bine operating speed. 

4 Design the fourth-stage bucket with ample section modu- 
lus to give low bending stress. 

5 Select the clearance between the fourth-stage nozzle and 
bucket to give a proper attenuation of the stimulus from the 
nozzles. 

6 Choose a nozzle design having exit edge wakes of low 
magnitude. 

7 Select the composition, heat-treatment, and surface treat- 
ment of the material to give maximum resonant strength. 

8 Optimize the arrangement of the banding with regard to 
natural frequencies, resonant response, and damping. 

So far we have discussed operating experience and bucket-de- 
sign considerations in terms of a single type of resonant bucket 
frequency; namely, the second tangential. As it was previously 
stated each bucket has a large number of such resonant fre- 
quencies. The evaluation of each of these resonances occurring 
within the operating range is an involved task. It is necessary 
to predict not only the frequencies but also the vibration stresses 
which occur at resonance and to compare these stresses with 
the fatigue strength of the design. The word ‘‘design,’’ as used 
here, includes not only the blade, but also the tenon, band, 
and dovetail. In consideration of the size of this task it is little 
wonder that for many years the majority of buckets, all of the 
smaller high-frequency buckets, were designed principally on a 
statistical evaluation of past performance. Calculations when 
made were usually of a simplified nature—the buckets being 
treated as simple isolated cantilevers. With the advent of 
modern, large-scale, digital computers it is now practical to 
apply more advanced and more thorough methods of calculation 
to the solution of the bucket-vibration problems which occur in 
day-to-day design work. These methods coupled with a con- 


TABLE 2 SECOND TANGENTIAL RESONANCES LOW-PRESSURE MARINE TURBINE AHEAD STAGES 


Stage Bucket *F.P.N. 
Height 
(Inches) 


Number of 
Noszles 


1.84 
263k 


4780 
5250 
5250 
5360 
5360 
5490 
3380 
3150 


wr 


(C.P.Se) 


Resonant S 
(2 of Rated 
Speed) 


(€,P.S.) 


Power) 

11,200 

9,200 

5200 

3,000 

2,400 

2,000 

1,600 


* F.P.N. Frequency of passing nozzles at rated speed of 3500 rpm. 
** F.B. Natural frequency of bucket (second tangential mode). 
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tinuing review and evaluation of service records will yield im- 
proved design procedures and still greater mechanical reliability. 


CALCULATION PROCEDURE 

A new calculation procedure has been developed and _ pro- 
grammed for the IBM Electronic Data Processing Machine, 
Type 704. This procedure makes possible a detailed analysis of 
the vibration of a banded group of buckets. Within the limita- 
tions of the assumptions to be outlined, all of the natural fre- 
quencies, tangential, axial, and torsional, which fall in any speci- 
fied frequency range may be determined together with the 
resonant-vibration stresses due to a prescribed form of nozzle- 
frequency stimulus. The theoretical basis of this method of eal- 
culation is completely described in a companion paper (1) and 
only a brief outline of the scope and the form of the results will be 
given here. 

Briefly, the assumptions underlying the frequency and mode- 
shape calculations for the banded group of buckets may be sum- 
marized as follows: 

1 The system consists of a series of identical buckets, parallel 
and uniformly spaced, and elastically joined at the tip by the 
band (Fig. 4). 


Dovetail 


0.534" 
ScnHeMatTic REPRESENTATION OF THE BaNpED GRoUP OF 
Buckets 


Fia. 4 


2 The principal axes of inertia of all bucket cross sections 
are oriented in the tangential and axial directions, respectively. 

3 The center of twist of each bucket cross section coincides 
with the center of gravity of that cross section. 


By virtue of the foregoing assumptions there will be two 
classes of natural-frequency modes—a series of pure tangential 
modes and a series of combined axial and torsional modes (the 
combined motion arising from the action of the band connecting 
the bucket tips). 

The calculation of vibration amplitude and stress requires an 
additional series of assumptions as follows: 

1 The banded group of buckets moves at constant speed 
behind a full are of uniformly spaced, identical nozzles. 

2 Because of the nonuniform character of the flow from the 
nozzles each bucket in the group is subjected to an exciting force 
which varies cyclically with time, one complete force cycle corre- 
sponding to one nozzle pitch. This exciting force may be re- 
solved into tangential, axial, and torsional components and each 
of these directional components may be resolved into a series of 
harmonic components. 

3 A condition of resonance is assumed to exist between a 
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given natural frequency of vibration of the banded group of 
buckets and one of the harmonics of the exciting force. 

4 At resonance the energy supplied to the vibrating-bucket 
group by the exciting force is completely dissipated in damping. 


The calculated results obtained from the computer include 
natural frequencies of vibration and complete mode-shape data; 
i.e., values of relative displacement and bending moment for a 
series of stations on each of the buckets in the group. For axial 
and torsional vibration, values of relative rotation and torsional 
moment also are given. Values of the resonant-response factor 
K are obtained for specified forms of stimulus and for specified 
ratios of number of nozzles per 360 deg to number of buckets 
per 360 deg. The resonant-response factor K when used in the 
following equation gives the value of the resonant-vibration 
stress at the root of the blade of the particular bucket in the 
group having the maximum stress 


where 


= resonant-vibration stress (or excited stress) at blade root 

= resonant-response factor 

= logarithmic decrement of damping (effective value for 
banded group) 


amplification factor 


= fractional value of stimulus 

= stress at blade root due to steam loading (bucket con- 
sidered as a simple cantilever) 

= exciting stress 


Three types of stimulus, tangential, axial, and torsional, are 
considered in the calculation procedure. For these different 
types of stimulus the following forms of Equation [1] apply. 
Subscripts ¢, a, and r are used to denote tangential, axial, and 
torsional, respectively. 


Tangential Excitation 


where 
FoL 
2Z, 


average steam driving force on blade, lb 
= blade height, in. 
tangential section modulus at blade root, cu in. 
tangential steam bending stress at blade root, psi 
ratio of total tangential exciting force to driving force Fo 
tangential resonant-response factor 
tangential bending stress at blade root due to resonant 
vibration, psi 


Axial Excitation 


FoL 
2Z, 
= average steam driving force on blade, Ib 
= blade height, in. 
= axial section modulus at blade root, cu. in 
= axial steam bending stress at blade root, psi 


0, 
K 
| | | é 
(2) (3) (6) S 
0790 enon 
| Band So, 
1.125" 
Blade 
3.84" 
| 
Fo 
L 
on 
S, 
K, 
\ — 
where 
Tr 
Fo 
L 
Z, 


JANUARY, 1958 


S, = ratio of total axial exciting force to driving force Fo 

K, = axial resonant-response factor 

Ov, = axial bending stress at blade root due to resonant vibra- 
tion, psi 


Torsional Excitation 


where 


= average steam driving force on blade, lb 
’ = width of blade at pitch circle, in. 
= torsional section modulus at blade root, cu. in. 
= steam torsional stress at blade root, psi 
, = ratio of total exciting torque to the nominal reference 
torque, Fy» W/2 
= torsional resonant-response factor 
= torsional stress at blade root due to resonant vibration, psi 


Equations [2], [3], and [4] give vibration stresses at the blade 
root of the bucket having the maximum stress in the banded 
group. Vibration stresses at other locations in the system, e.g., 
dovetail, tenon, and band, are obtained by considering the rela- 
tive bending moments and torsional moments obtained from 
the mode-shape calculations and the section-modulus values 
applying to the various parts of the system. 


SampLe CALCULATION 


To demonstrate the capabilities of the calculation method in 
increasing the effectiveness of bucket design, a sample calcula- 
tion has been prepared for a typical banded group of six medium- 
height buckets shown schematically in Fig. 4 (any number of 
buckets per banded group can be treated by the calculation pro- 
cedure). The blade is 3.84 in. tall and 1.125 in. wide and of con- 
stant cross section. It has the typical cross section of an im- 
pulse blade with the axes of minimum and maximum moment of 
inertia very nearly perpendicular and parallel to the plane of the 
wheel, respectively. The tangential moment of inertia of the 
cross section is 0.00772 in.‘, the axial moment of inertia is 0.01774 
in.*, and the torsional stiffness constant is 0.00927 in. The 
cross-section area of the blade is 0.298 sq in. The point of fix- 
ation for the buckets is taken in the dovetail at a distance of 
0.534 in. below the blade root. The cross section of the dove- 
tail is rectangular and has the over-all dimensions shown in Fig. 
4. Appropriate allowance for dovetail flexibility is made at the 
point of fixation. 

The buckets are elastically joined at the tip by a band having 
a width of 1.168 in. and a thickness of 0.125 in. The pitch 
between successive buckets at the tip is 0.790 in. 

To calculate the resonant response of the banded group of 
buckets requires a specificatica of the form of the stimulus. For 
the sample calculation it was assumed that the stimulus is uni- 
formly distributed along the length of the bucket and that the 
phase angle between stimulus and bucket motion is constant 
along the length of the bucket. Other forms of stimulus may be 
readily used in the calculation method. 

The calculation results obtained from the digital computer for 
tangential vibration (i.e., motion in the plane of the wheel) are 
summarized in Fig. 5. The mode shapes for the first seven nat- 
ural frequencies are shown together with plots of the resonant- 
response factor K (see Equation [2]). XK is plotted as a function 
of the ratio of the number of nozzles k per 360 deg to the number 
of buckets m per 360 deg times the harmonic order n of the exci- 
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tation. K is a periodic function of nk/m and repeats for each 
unit interval. 

The fundamental tangential frequency is equal to 1077 cycles 
per sec (cps). The buckets move in phase with maximum mo- 
tion at the band and no nodes along their length. This mode of 
vibration will in general result in maximum stresses at the bucket 
root and in the band. ‘The value of resonant-response factor 
for this mode can be quite large when the number of buckets per 
360 deg approaches the number of nozzles per 360 deg times 
the harmonic order n. It is also of interest that at certain 
values of nk/m the value of resonant-response factor becomes 
zero. This indicates that with proper selection of nozzle and 
bucket pitching it is possible to reduce considerably the resonant- 
vibration stress *n the first tangential mode even though oper- 
ating precisely at the speed required to excite this natural fre- 
quency. 

The next five modes of vibration, modes 2 through 6, are the 
second tangential modes. The frequencies of vibration cover a 
relatively narrow band from 4264 cps to 4461 cps. These modes 
of vibration are characterized by large amplitude near the mid- 
point of the bucket. In these modes the band remains essen- 
tially stationary and the phase relation of the buckets is as shown 
in Fig. 5. High vibration stresses may occur at either the blade 
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mid-section, band, or root depending on the relative bending 
moments, section moduli, and stress-concentration factors at 
these locations. The plots of K for these modes are such that 
at least one or two modes will have a relatively strong response 
regardless of the value of the parameter nk/m. Since the fre- 
quencies of these five modes are bunched closely together, it be- 
comes impractical to reduce resonant-vibration stresses by select- 
ing any particular ratio of nozzle to bucket pitch, as was the 
case with the fundamental tangential mode. Other courses of 
action such as those outlined under Design Considerations should 
be considered. 

The so-called third tangential frequency (mode 7) is equal to 
5845 cps. This mode is like the fundamental in that all buckets 
move in phase but a node now appears in the upper portion of the 
bucket. The resonant-response-factor diagram is similar to the 
diagram for the fundamental mode except that the magnitudes 
are reduced greatly. This reduction is to be expected since the 
mode shape is less favorable for receiving energy from the pre- 
scribed form of stimulus. 

The first six modes of vibration form a characteristic group— 
one mode with buckets in phase and five modes (one less than 
the number of buckets banded together) with buckets out of 
phase. This group of modes tends to be repeated at higher 
levels of frequency, each repetition involving an additional node 
along the active length of the bucket. Thus mode 7 represents the 
in-phase mode and also the lowest frequency mode of the second 
group. The remaining five modes of the second group are beyond 
the frequency range selected for the sample calculation. The 
tangential extension of the band, which is taken into account 
in this calculation, results in marked changes of mode shape at 
the higher frequencies and greatly alters the relative arrange- 
ment of modes on the frequency scale. The differences between 


the second tangential mode shapes in Fig. 5 and those given by 
Smith (8) for a six-bucket group with inextensional band illustrate 
this point. 

In Fig. 6 the various resonant responses of the banded group 
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of buckets for tangential excitation and tangential vibration are 
shown as a function of turbine speed for a stage having 92 nozzles 
per 360 deg. The maximum operating speed is 3500 rpm and the 
frequency of passing nozzles at this speed is 92 & 3500/60 = 
5367 eps. Since both first and second-order harmonics of the 
nozzle stimulus are to be considered, all natural frequencies in 
the range from 0 to 10734 eps (twice the frequency of passing 
nozzles) are required. The modes shown in Fig. 5 cover this 
range of frequency. 

The resonant vibration stress ¢,, at the blade root is plotted as 
a nondimensional grouping of terms 


S,¢,,* 


where all terms except o,,* are defined as for Equation [2]. 
o,,* represents the tangential steam bending stress at the blade 
root at the maximum operating speed of 3500 rpm. In plotting 
the results in Fig. 6, it has been assumed that the load on the 
stage varies as the cube of the speed. This means that the 
torque on the bucket row and hence the steam bending stress 
o,, must vary as the square of the speed 


N 
Fo = (*.) 


where N = turbine speed (rpm). 
Substituting Equation [5] in Equation [2] and rearranging 
gives the following relationship which was used in plotting Fig. 6 


boy, N 2 


It should be noted that the fractional stimulus S, will be, in 
general, different for the different harmonics in the stimulus 
and that it will vary in some manner (not yet known) with speed 
since the flow conditions of the stage, e.g., pressure ratio and 
velocity ratio, continuously change with speed. 

Values of K for the first harmonic of the stimulus are read 
from Fig. 5 at nk/m = 1 X 92/192 = 0.479. Values of K for 
the second harmonic of the stimulus are read at nk/m = 2 X 
92/192 = 0.958. 

The significant feature of Fig. 6 is the high value of vibra- 
tion stress due to resonance of second type tangential vibration 
(modes 2 and 4) with the first harmonic of the nozzle stimulus 
and the relatively low vibration-stress levels associated with the 
first and third types of tangential vibration (modes 1 and 7, 
respectively.) Therefore, in the design of this stage particular 
attention should be given to the condition of second tangential 
resonance. 

Fig. 6 gives values of resonant-vibration stress at the root of the 
blade. It is also of importance to know the stress levels at other 
locations in the banded group; e.g., dovetail, middle of blade, 
tenon, and band. For this purpose values of section modulus, 
bending moment, and nominal bending stress relative to the 
corresponding values at the blade root are listed in Table 3. 
In all cases the stresses obtained are nominal stresses and should 
be modified by appropriate stress-concentration factors before 
any comparisons are made either between stresses at various 
locations or with the fatigue strength of the bucket material. 

The calculation results obtained from the digital computer 
for axial and torsional vibration are summarized in Fig. 7. These 
results are considerably more complicated than for tangential 
vibration since axial displacement (motion normal to the plane 
of the wheel) and angular rotation (torsional motion about 
the longitudinal axis of the bucket) are coupled. Thus two mode 
shapes and two resonant-response-factor diagrams are shown for 
each mode. 
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TABLE 3 RELATIVE VALUES OF SECTION MODULUS 
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Z), BENDING MOMENT (M), AND NOMINAL BENDING 
IBRATION (MODES 1 THROUGH 7) 
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The upper mode shape labeled “Disp.’’ shows axial displace- 
ment plotted against distance from the base of the bucket for 
each bucket. Displacements plotted to the right indicate 
motion into the plane of the paper, displacements plotted to the 
left, motion out of the plane of the paper. The lower mode shape 
labeled ‘Rot’’ shows angular rotation plotted against distance 
from the bucket base for each bucket. Rotations plotted to 
the right indicate clockwise motion looking along the bucket 
from base to tip; rotations plotted to the left, counter-clockwise 
motion. It was felt desirable to place the amplitude scales for 
rotation and displacement on a common basis. To accomplish 
this the rotations (radians) were multiplied by one half the bucket 
width to obtain displacement values for comparison with the 
axial-displacement values. On this basis the amplitudes shown 
in the two mode-shape diagrams for any given mode are directly 
comparable. A review of the mode shapes reveals that for some 
modes the motion is entirely or almost entirely one of axial dis- 
placement with practically no rotation, while for other modes 
the motion is almost entirely one of rotation with practically no 
axial displacement. Other modes are a combination of appre- 
ciable amounts of both types of motion. 

The resonant-response factor K for axial stimulus is shown by 
a solid line: for torsional stimulus, by a dashed line. As would 
be expected, for modes where the rotation is negligible compared 
to the displacement the resonant-response factor for torsional 
stimulus is negligible, likewise where the displacement is negli- 
gible compared to rotation the resonant-response factor for 
axial stimulus is negligible. Modes having appreciable ampli- 
tudes of both rotation and displacement will have resonant- 
response factors of significant magnitude for both types of stimu- 
lus. 

The first six modes of vibration form a pattern which is easy 
to follow in terms of axial displacements. In mode | all buckets 
move together with the same amplitude, the motion of the band 
being one of parallel translation. In mode 2 the buckets on one 
side of the middle of the group are out of phase witb those on the 
other side and the motion of the band is a wobble about a node 
at the mid-point of the band. In mode 3 two nodes appear in the 
band and the buckets at either end of the group are out of phase 
with those in the middle. For the higher modes 4, 5, and 6, the 
displacements in the band become negligible but by considering 
the displacements of the buckets this pattern is seen to continue. 
For mode 4 three changes in phase occur in bucket displacement 
counting from left to right in the group; for mode 5, four changes; 
and for mode 6, five changes. In all of these modes there are no 
nodes along the active length of the bucket. 

If torsional effects could be disregarded, then the pattern pres- 
ent in the first six modes of vibration would be repeated at higher 
levels of frequency, each repetition of the pattern involving the 
addition of a node along the active length of the bucket. Actu- 
ally, an additional series of modes of vibration of a torsional 
nature will appear in certain ranges of frequency. These tor- 
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sional modes will be superimposed on and combined with the 
axial-displacement modes in a manner which appears to preclude 
any simple scheme of classification. The level of frequency at 
which these torsional modes appear relative to some particular 
axial frequency depends on the proportions of the bucket. 
For the sample calculation torsional motion is most pronounced 
for modes 10 through 13, 8484 eps to 8730 cps. Most of the 
modes in the range from 7916 cps to 9145 cps show substantial 
effects except for mode 9, 8227 cps, which is a pure axial mode 
and the second form of the fundamental axial mode. 
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In Fig. 8 the axial bending stress o,, at the blade root for res- 
onant vibration due to axial stimulus is plotted as a nondimen- 
sional factor 

50.4 


against turbine speed, and in Fig. 9 the torsional stress T,, at 
the blade root for resonant vibration due to torsional stimulus 
is plotted as a nondimensional factor 


6r,, 


S,o,.° 


against turbine speed. The tangential steam bending stress 
¢,,* appears in the nondimensioned factor in Fig. 8 in place of 
the axial steam bending stress, and in Fig. 9 it appears in place of 
the steam torsional stress. This is done to make the vibration 
stresses in the three plots, Figs. 6, 8, and 9, more readily com- 
parable. If the logarithmic decrement 6 and the fractional value 
of stimulus S are assumed to be constant or if the ratio between 
them is assumed to be constant, then the resonant-vibration 
stresses for tangential, axial, and torsional stimulus are directly 
proportional to the magnitudes of the nondimensional stress 
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factors of Figs. 6, 8, and 9, respectively. Equations [7] and 
[8] give the relationships used in preparing Figs. 8 and 9, respec- 


tively 
S.o,,*) *\3500) \Z, 


4A 0.476 

“a 
Values of K, and K, are read from Fig. 7 at nk/m = 0.479 for the 
first harmonic of the stimulus and at nk/m = 0.958 for the second 
harmonic of the stimulus. 

In Figs. 8 and 9 the resonant response of mode 14 to the second 
harmonic of the torsional stimulus bas the highest value of the 
nondimensional stress factor among the various axial and tor- 
sional responses, and warrants particular design consideration. 
It should be noted that the results obtained in this sample cal- 
culation apply to a stimulus having a uniform radial distribution. 
Other forms of stimulus can alter the relative magnitudes of the 
various resonant responses. In addition to the form of the 
stimulus other factors such as magnitude of stimulus, damping, 
and fatigue strength must be considered and evaluated before a 
complete interpretation of the resonant responses of Figs. 6, 8, 
and 9 can be made. The consideration of these various factors 
lies beyond the scope of the present paper. 

Figs. 8 and 9 give values of resonant-vibration stress at the 
root of the blade. Stress levels at other locations in the banded 
group should be considered in the design of the buckets. Infor- 
mation similar to that provided in Table 3 for tangential vibra- 
tion is also available for axial and torsional vibration but is 
omitted from the paper for the sake of brevity. 


where 


CONCLUSIONS 


Marine propulsion turbines may operate for considerable 
periods of time at speeds where certain buckets will vibrate in 
resonance with the nozzle stimulus. Determination of the 
natural frequencies of vibration of these buckets and the evalu- 
ation of stresses at these resonant responses is an important part 
of bucket design. The advent of the modern digital computer 
now makes it practical to apply more thorough and more exact 
procedures of analysis to this vibration problem. The analyti- 
cal procedures employed in this paper are considered to represent 
a significant advance along these lines. The use of these meth- 
ods in the study of bucket vibration and the correlation of cal- 
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culated performance with measurement and with experience 
will result in continuing progress in this important field. 
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Discussion 


D. D. Rosarp.‘ The authors are to be complimented for a 
significant contribution in the field of blade vibration. Their 
paper is a good example of the manner in which modern high- 
speed computing machines, when combined with engineering 
skill, lead to a better understanding of many operating charac- 
teristics of steam turbines as well as other machinery. 

The statistical approach to the design of short blades relates 
the vibratory stresses to the stress due to steam loading by a 
lumped constant derived from experience. This constant lumps 
the influences of damping, excitation from various sources in- 
cluding nozzle wakes, and the effect of blade grouping on the 
vibratory stresses. The authors show that for a portion of this 
excitation, namely, that due to nozzle wakes, the lumped con- 
stant can be separated into its components parts. 

The logarithmic damping 4 is composed of material damping 
and structural damping in the dovetail and shroud joints. The 
steel used in most steam-turbine blades has comparatively good 
damping qualities, and in selecting new blade materials, damping 
is an important criterion. In short blades the structural damp- 
ing can be appreciable, but this must be evaluated by rotating 
tests to duplicate the effect of centrifugal clamping which tends to 
reduce the damping considerably. Even the material damping 
may be reduced under the action of centrifugal stress. 

The fractional value of stimulus S is determined by the magni- 
tude of the nozzle wakes. Further information regarding this 
magnitude and the factors which affect it would be of great in- 
terest. Our experience has been that for subsonic steam veloc- 
ities, the general level of S is about 0.1. 

The resonant response factor K shows the effects of nozzle 
pitch, blade pitch, and the number of blades in each group. 
The authors do not discuss the effect of changing the number of 
blades tied together by the shroud band. Fig. 10 illustrates 
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this effect with respect to the first tangential mode. It can be 
seen that the peaks decrease as the number of blades per group 
is increased and that the peaks occur at different ratios of blade 
pitch to nozzle pitch. The method of selecting proper combina- 
tions to avoid vibrations in this mode was patented by Mr. R. 
P. Kroon in 1941. 

A number of years ago the writer’s company experienced a 
number of failures attributed to nozzle-wake resonance in the 
first. torsional mode (axial mode 2 in the paper). At that time 
high-speed digital computers were not yet available, and an ana- 
log computer was used to determine the proper design combi- 
nations to minimize vibratory stresses. 

The authors show that nozzle-wake excitation can result in 
significant vibratory stresses in any of a large number of modes. 


They have experienced a substantial number of failures which 
they attributed to resonance at the ‘second tangential frequen- 


cies.”’ It would be of great interest to know whether the Jo- 
cation of the failures in the blades as well as the location of the 
failed blades in the groups were in exact agreement with the cal- 
culated points of highest stress in the particular mode having a 
high response factor. Table 3 in the paper shows relative stress 
values at various points of a blade, but fails to show which blade 
or blades in the group have the highest stresses, and the relation 
between stresses in the various blades in the group. 

It would be interesting to know the degree of correlation ob- 
tained between calculations and test results with respect to fre- 
quencies and mode shapes. 

Referring to Fig. 3 in the paper, are the authors advocating, as 
a result of their analysis, the abandonment of the statistical ap- 
proach which did produce ‘120 trouble-free bucket designs’’ in 
favor of allowing “steam bending-stress factors’? higher than 
unity after study of the resonant-response factors? If so, what 
provision would be made for other sources of excitation? 


B. M. Wunpr® anp W. J. Caruso.* This and the paper by 
M. A. Prohl’ contain material which constitutes a very impor- 
tant advance in the fields of calculation and design of turbine- 
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in this issue of TRANSACTIONS, pp. 169-180. 
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bucket vibration frequencies and stresses. Although the essen- 
tials of the analytical treatment of the foregoing problems have 
been known for some time, it has never been possible to perform 
the necessary extensive calculations in order to obtain results 
With the advent of digital 
electronic data-processing machines such as the IBM 704, it has 
become both practical and economical to obtain desired infor- 
mation pertaining to the frequencies and stresses of banded 
groups of buckets. The authors are to be congratulated for a 
valuable contribution to the field of turbine-bucket vibration. 
It is only necessary to compare a recent German paper by 
H. J. Thomas (Bibliography reference 4 in the Prohl paper?) 
on the vibration of shrouded turbine buckets, with the present 


such as are presented in these papers. 


papers, to realize that the results which it is possible to obtain 
without use of a modern digital computer are elementary and in- 
complete. 

Bucket Vibration in Variable-Speed Turbines. The problem 
of bucket frequencies and vibration stresses is important in the 
design of buckets for small steam turbines. Most of these tur- 
bines are for mechanical-drive applications and must operate over 
a wide speed range. Because of the variable speed range, the 
buckets are subjected to a rather broad spectrum of excitation 
frequencies resulting from the number of nozzles and their har- 
monics. In the vibration design of buckets and nozzles it is 
difficult to obtain adequate margins between natural frequencies 
and excitation frequencies. Sometimes it is impossible to avoid 
bucket resonances in one of the fundamental modes. 
cases it is necessary to have a good knowledge of bucket fre- 
quencies and to be able to calculate vibration stresses. In this 
way excitation of the modes which cause the highest vibration 
stresses can be avoided by suitable bucket and nozzle design. 
The buckets are then designed so that calculated vibration 
stresses due to unavoidable nozzle excitation are less than al- 
lowable limits based on the fatigue strength of the bucket ma- 
terial. 

We have been using the authors’ new IBM 704 program for 
the calculation of banded-bucket group frequencies. We also 
are vibrating buckets on production rotors in order to observe 
the actual bucket frequencies and vibration modes for correla- 
tion with calculated values. Although these are “stationary” 
tests, the bucket frequencies are sufficiently high so that the 
effect of the centrifugal field in operation is not great enough to 
change the frequencies by significant amounts. 

The experimental observation of frequencies and modes is per- 
formed in a special vibration center. Experienced personnel and 
modern electronic equipment are required to obtain reliable and 
useful results. 

Correlation of Calculated and Observed Frequencies. A compari- 
son between calculated and observed frequencies of banded- 
bucket groups is presented in this discussion for a bucket design 
which was studied recently. Fig. 11 is a sketch of the bucket. 
Figs. 12, 13, and 14 were prepared to show the calculated and 
observed tangential, axial, and torsional frequencies, and mode 
shapes for a banded group of six uniform-section buckets. The 
mode shapes were plotted from the output data of the calcula- 
tions. 

The observed frequencies for all modes are listed as ranges. 
The reason for this is that the frequencies were obtained on four 
duplicate wheels. Owing to slight differences in manufacture 
and assembly, the frequencies are slightly different. The ranges 
shown represent the variation which must be considered in prac- 
tical applications. 

Tangential Modes. The calculated and observed frequencies 
for the first three tangential modes of a six-bucket group are pre- 
sented in Fig. 12. In all of these modes the vibration motion of 
the buckets is essentially in the tangential direction with very 
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little motion axially or torsionally. The lowest-frequency mode 
is the fundamental or first cantilever mode. The calculated fre- 
quency of 1640 cycles per sec (cps) is within the observed range 
of 1490 to 1700 eps. The second cantilever mode, in which each 
bucket has one node along its length, has a calculated frequency 
of 8654 eps. This mode was not observed. In between these 
two modes is a group of frequencies which are called the funda- 
mental fixed-supported modes. They are characterized by large 
vibration amplitudes near the bucket pitch line but very little 
motion at the tips. There are no nodes along the bucket lengths. 

Note that the number of discrete frequencies in this group of 
modes is always one less than the number of buckets banded to- 
gether. The vibration patterns of the buckets take on “odd”’ or 
“even”? symmetry depending on whether corresponding buckets 
in either half of the group are in phase or out of phase. In this 
case the mode at a calculated frequency of 6260 cps exhibits odd 
symmetry. The calculated frequencies for these modes cover a 
range of frequencies from 6260 to 6589 eps which is within the ob- 
served range of 6044 to 6700 eps. In a higher-frequency range 
the second group of fixed-supported modes occurs. The vibra- 
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tion patterns are similar to the first group except 
that each bucket will have one node along its length. 
Since the fixed-supported modes within a group 
have such small intervals of frequency between 
modes, it is usually necessary in practical design to 
conside or the entire range of these frequencies for pos- 
sible resonances rather than the discrete frequencies. 

Axial-Group Modes. The first axial-group modes 
are pictured in Fig. 13. These modes are charac- 
terized by the progressive pattern of nodes in the 
shroud band. There are no nodes along the bucket 
lengths. In the lowest mode there are no nodes 
along the band. All the buckets in the group vi- 
brate in the axial direction and all motions are in 
phase. The second mode has one node along the 
band, the third mode has two nodes, and so on to 
the sixth mode which has five nodes along the band. 
The highest-frequency mode always has nodes in 
the band between each bucket in the group and 
thus the number of nodes along the band is equal 
to one less than the number of buckets banded to- 
gether. The total number of modes in this group, 
therefore, is always equal to the number of buckets 
banded together. 


Fig. 13) CaLcuLaTep AND OBSERVED FREQUENCIES OF First AXIAL 
Mopes or S1x-Bucket Group 


Note that this group of modes spans a large frequency range 
from 1980 to 9494 cps. The first two modes have a small fre- 
quency interval between them from 1980 to 2593 eps, but there 
is a large gap between the second and third mode frequencies 
from 2593 to 8333 cps. The higher frequencies are progressively 
closer together. The higher modes exhibit very little motion of 
the band but the location of nodes can be deduced from the 
phase relationships of the buckets. The observed frequencies 
show good correlation ‘vith the calculated values. The largest 
discrepancy is in the third mode but the difference is less than 
10 per cent. 

In most of these modes the buckets experience considerable 
torsional or twisting motion as well as axial motion, since there is 
coupling between these motions through the shroud band. In 
some bucket designs torsional modes may occur in the same fre- 
quency range as axial modes. This may cause confusion as to 
whether the modes are axial or torsional because both types of 
motion are present. The axial-group modes always follow the 
pattern pictured in Fig. 13. A group of torsional modes is 
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shown in Fig. 14. The number of axial modes in each group will 
be equal to the number of buckets banded together and the 
number of torsional modes in each group also will be equal to 
the number of buckets banded together. If the modes are classi- 
fied like this it helps to clarify the picture. In this way the 
total number of modal frequencies that should exist will be known. 

Torsional Modes. The first group of torsional modes is shown 
in Fig. 14. In these modes the buckets vibrate with a torsional 
motion about the centers of area of the bucket sections. The 


relative angular displacements of the buckets are plotted for the 
various modes. The largest amplitudes occur near the bucket 
pitch line. The deflections are small at the bucket tenons to 
which the band is attached. Notice that the modes have even 
and odd symmetry. As indicated previously, there is also con- 
siderable axial motion in some of these modes. The calculated 
frequency range from 11,382 to 14,062 cps compares well with the 
observed range of 12,000 to 15,800 cps. There are six modes in 
this frequency range. The first torsional group of modes is very 
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important because these modes can be easily excited by the 
stationary nozzles. 

Frequency Spectrum for Bucket Groups. Bucket frequencies 
were calculated for a single bucket and for several different 
numbers of buckets in a group. This was done in order to 
show the characteristics of the frequency spectrum for banded 
groups. It also indicates the feasibility of changing frequencies 
by changing the number of buckets in a group. 

Tangential Frequencies. Fig. 15 is a tabulation of calculated 
tangential frequencies of the first cantilever, fixed-supported, and 
second cantilever modes. The frequencies for a single bucket are 
shown as well as the frequencies for four, six, and nine-bucket 
groups. The first and second cantilever frequencies for banded 
buckets are higher than for single unbanded buckets because of 
the stiffening effect of the band. There is little change in these 
frequencies, however, for the four, six, and nine-bucket groups. 

For the banded groups the frequency ranges for the fixed-sup- 
ported modes are all nearly the same. The number of modes in- 
creases with the number of buckets, however, since the number 
of modes is always one less than the number of buckets banded 
together. Changing the number of buckets in a group is not 
effective in changing the range of frequencies to avoid resonances. 
The number of possible modes of vibration, however, will be de- 


creased as the number of buckets per group is decreased. Of 
course the fixed-supported mode does not exist for a single 
bucket. 

Axial and Torsional Frequencies. Calculated frequencies for the 
first and second axial modes and the first torsional modes are 
shown in Fig 16. Frequencies for a single bucket and for 
groups of four, six, and nine buckets are tabulated. The second 
axial group of modes follows the same pattern as described pre- 
viously for the first axial modes except that there is one node 
along each bucket length. 

In the first axial modes the frequency range is from 1980 to 
about 9500 eps regardless of the number of buckets in the group. 
As the number of buckets increases, the frequency of the second 
mode approaches that of the first. The frequency gap be- 
tween the second and third modes also decreases. Some of the 
modal frequencies can be changed significantly by varying the 
number of buckets per group. This fact may be useful in design 
to avoid certain resonances. 

In the second axial group the frequency range from 11,635 
to about 26,600 cps is essentially the same for all bucket groups. 
There is a large frequency gap from 11,635 to about 14,000 eps, 
however, between the first and second modes. In this particular 
bucket design the first torsional modes occur in this frequency 
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gap. Changing the number of buckets per group may be useful 
in avoiding certain second axial modes; however, it has little ef- 
fect on the first torsional frequencies. The only point to make 
here is that the number of possible torsional-vibration modes will 
be less as the bucket groups are made smaller. 

Summary of Calculated Frequencies. In Fig. 17 the tangential, 
axial, and torsional frequencies are all presented on the same 
chart. All of the modes for the various bucket groups have been 
caleulated up to a frequency of 27,000 eps. 

Summary. With the calculation method and IBM 704 com- 
puter program developed by Mr. Prohl, the frequencies for banded 
groups of buckets can be calculated easily. Changes in bucket 
design or banding can be evaluated quickly for their effects on 
frequencies. In addition, it will be much easier to design new 
buckets for which observed frequencies are not available. 

The correlation between calculated and observed frequencies 
which are presented in this discussion is very encouraging. Com- 
parisons of calculated with observed frequencies for other types 
and sizes of buckets will be necessary to establish modifications of 
the calculation which are required to provide good correlation. 

A logical pattern of mode shapes and frequency spectra can be 
established for banded-bucket groups. This will aid in the under- 
standing of the vibration behavior of banded buckets. 

Concurrent Developments. A program for the IBM 704 is cur- 
rently being prepared by Mr. C. E. Danforth of General Electric, 
Aircraft Gas Turbine Department in Evendale, Ohio. This pro- 
gram will include: (a) The effect of centrifugal field, (b) simple 
coupling between different modes, (c) effect of twist of bucket 
section, and (d) variable boundary conditions which will consider 
banded groups as a special case. 
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Mr. Rosard shows in Fig. 10 that the resonant response of the 
buckets with respect to the fundamental mode can be minimized 
for any given ratie of bucket to nozzle pitch by proper selection 
of the number of buckets per banded group. Such information 
can be readily calculated by the methods of the paper for all 
modes of vibration of the banded group but was not included in 
the paper because of space limitations. It should be noted that 
for modes of vibration such as the “second tangential,’’ where the 
frequencies of the responses are closely bunched, the avoidance 
of strong responses is generally impractical if not impossible. 
This is true regardless of the values selected for number of buckets 
per group and ratio of bucket pitch to nozzle pitch. 

Table 3 shows the relative values of vibratory bending stress 
at various points in a bucket for the first seven tangential modes 
of vibration. These relative stresses apply for the buckets in 
the group having maximum stress and very nearly apply to the 
other buckets. The levels of stress in the various buckets vary 
in proportion to the displacement amplitudes shown in Fig. 5. 

Mr. Rosard inquires about the degree of correlation between 
the calculated locations of maximum stress in the banded group 
and the observed locations of fatigue breaks. The correct 
evaluation of service experience is difficult and unless extreme 
care and caution is exercised, erroneous conclusions can easily 
be drawn. Factors not present in the mathematical analysis 
can markedly affect the results. For example, material defects 
or unintentional stress raisers can cause cracks at locations 
other than those of maximum nominal stress. 

However, there is good evidence that service observations 
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are in general agreement with calculated locations of maximum 
stress. A typical case will be cited involving a design similar 
to that on which the calculations of the paper are based. Trouble 
was due to “second tangential” vibration. 31 per cent of the 
breaks were in end buckets of the banded groups and 41 per cent 
were in the buckets next to the end buckets. These are the most 
highly stressed buckets for modes 2 and 4, respectively (see Fig. 5), 
and according to Fig. 6 these are the two modes which should 
have the greatest response. All of the breaks were either at the 
root of the vane or at the mid-vane location which agrees with 
the relative stress values of Table 3. 

The correlation which may be obtained between calculation 
and test with regard to natural frequencies and mode shapes is 
admirably illustrated by the discussion of Messrs. Wundt and 
Caruso. 

In reply to the final query of Mr. Rosard the authors wish 
to emphasize that they do not advocate abandonment of the 
statistical approach. The calculation methods used in the 
paper complement the empirical approach of Fig. 3. As our 
understanding of the vibrational behavior of turbine buckets 
under operating conditions is extended and improved these 
methods of calculation and analysis will permit a more precise 
application of service experience to design. 

The presentation of measured values of frequency and the 
correlation with calculated results by Messrs. Wundt and 
Caruso constitute an important extension to the subject paper 
and also the companion paper.’ The good agreement between 
test and calculation is indicative of the results which can be 
obtained when highly specialized experimental techniques are 
coupled with careful use of the analytical methods of the papers. 

The authors are particularly indebted to Messrs. Wundt and 
Caruso for the grouping scheme of axial and torsional modes. As 
shown in Fig. 16 of their discussion the axial and torsional 
modes occur in groups with the number of modes equal to the 
number of buckets in the banded group. Thus for the specific 
case of a six-bucket group there are six axial modes in the first 
axial group and six torsional modes in the first torsional group. 
These groupings repeat at higher levels of frequency, each 
repetition involving the addition of a node along the bucket 
length. The torsional group of modes can occur at various 
frequency levels relative to the frequency levels of the axial 
groups of modes, the exact location depending on the relative 
torsional and flexural characteristics of the given buckets. 
Because of the strong coupling between axial and torsional 
motion in certain modes it is often difficult to properly identify 
such modes from the calculated displacements and rotations 
and considerable study is required to establish the classifica- 
tion. Nevertheless it is important to know that this classification 
exists because it sets a definite limit on the number of modes to be 
found. 

A similar groupling can be established for the tangential 
modes as noted by the authors in the main body of the paper. 
The fundamental and the five “second tangential’ or “fixed 
supported”’ modes constitute a first group of six modes (equal in 
number to the number of buckets in the banded group). This 
grouping is repeated at higher levels of frequency, each repetition 
of the grouping involving an additional node along the length 
of the bucket. Thus the 8654 eps mode in Fig. 12 would be the 
first mode in the second group according to this scheme of clas- 
sification. 


8 Reference (1) in Bibliography. 
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Experimental Determination of Gear Tooth 


Stresses in Large Marine Gears 


By H. W. SEMAR! anv R. E. McGINNIS,? PHILADELPHIA, PA. 


A successful experimental method to measure gear 
tooth stresses on large marine gears while the teeth are 
transmitting load is described. Some results obtained 
using the method are given and discussed. 


sion gear units is prominent because of the serious conse- 
quence of the failure of a very small bit of material. For- 
tunately, these occurrences are rare, particularly in the case of 
merchant ship units of conventional design and materials. How- 
ever, the extension of designs and materials to provide gears of 
greater power with less weight and space has been accompanied 
by incidents of tooth breakage. 
These incidents have brought about an intensive reappraisal 
of the many factors which bear on the ability of pinion or gear 
teeth to withstand the duty imposed on them. 


fr PROBLEM of tooth breakage on large marine-propul- 


1 Manager, Marine Engineering, Steam Division, Westinghouse 
Electric Corporation, Lester Branch P.O. Mem. ASME. 

? Design Engineer, Large Turbine Engineering, Steam Division, 
Westinghouse Electric Corporation, Lester Branch P. O. Assoc. 
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Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 25-30, 1956, of Tue AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, August 9, 
1956. Paper No. 56—A-117. 


This paper describes an approach to the problem by actually 
measuring the stress in the root fillet of a pinion under operating 
conditions. We emphasize, however, that the paper deals with 
one phase of the problem. It does not deal with the many other 
important factors which affect tooth strength. 

The question which led to this investigation was how uni- 
formly along its face is the force transmitted by a wide-faced 
pinion. Theoretical studies show that bending and torsional de- 
flections have a major effect on distribution of tooth pressure. 
Other factors, deflection of gear casing, precision of machining, 
and alignment also can be shown to have an effect great enough 
to mask the predictable effect of elastic bending and torsion. 

It is not too hard to make a case based on theoretical considera- 
tions that wide-faced gears are impractical. Many inventors in 
the development of marine gearing recognized this and devised 
many means for compensating for these predictable deflections. 
Engineers in the automotive and aircraft fields still assure us that 
our wide-faced gears are wrong. But the fact is that wide-faced 
gears do run, and run so well that they are applied to the propul- 
sion of all high-powered naval and merchant vessels. 

Obviously, the phenomenon of tooth-load distribution does not 
exist as our theory would have it. Only by test can we disclose 
the actual magnitude of the stress increase caused by nonuni- 
formity of tooth contact. 

The nature of many of the important factors affecting tooth- 
load distribution is such that they cannot be evaluated on a 
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scaled test. Therefore, a test was arranged, using specially pre- 
pared pinions and gears, in a full-sized assembly of a production 
gear unit. 

The gear unit tested was of the locked-train type that is in 
general use for high powers. Fig. 1 shows a gear of this type with 
the upper covers removed. Power is applied in near equal 
amounts to each of two first-reduction pinions by cross-compound 
driving turbines. Each pinion drives two first-reduction gears. 
They connect through internal quill shafts to four second-reduc- 
tion pinions meshing with the bull gear. Equal division of power 
between the two gears meshing with a common pinion is ac- 
complished by mechanically timing the two trains and by the 
torsional flexibility of the quill shafts. 

The division of the total power into four parts leads to the ad- 
vantage of this type of gear. The pinions and gears can be sized 
to transmit only one quarter of the output horsepower to provide 
a gear unit of minimum size and weight. 

The customary method of shop-testing large gears to full 
power is by a front-to-front test as shown in Fig. 2. In this test 
arrangement the two input shafts of two similar gears are coupled. 
One of these couplings is arranged so that one half can be held 
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temporarily while the other half is rotated. This applies torque 
to the circuit through the train of gears. Since the coupling and 
quill shafts in the circuit are elastic, the coupling half must be ro- 
tated through a considerable angle to apply full power torque. 
The coupling is then made up, locking the torque in the gears. 

The entire assembly is then driven by a convenient power 
source. This driving power, however, need only be sufficient to 
make up the power losses in the test gears and is a small percentage 
of the power flowing in the torqued circuit. 

The success in making direct stress measurements on this unit 
led to the construction of a laboratory test using similar full-sized 
first-reduction pinions and gears. Fig. 3 shows the laboratory 
test setup. It used the same principle as the front-to-front test, 
locking in torque by coupling the pinion and both gear shafts. 
The laboratory test work is incomplete at this writing, so the de- 
scriptions and information in this paper come entirely from the 
first test using two complete gear units as shown in Fig. 2. 

One of the first-reduction pinions was fitted with resistance 
gages to give a direct measure of stress in the root fillets. The 
strain gages were cemented in recesses at the base of the teeth as 
shown in Fig. 4. They were located at four points along the 
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Fie. 5 Wits Strain Gaces ATTACHED 


pinion, near each end of each helix, to show the stress and stress 
distribution in each helix. 

Fig. 5 shows the strain-gage-equipp€d pinion in place. Two of 
the strain-gage attachments can be seen. The others are rotated 
out of view. The leads from the gages went through a radial hole 
between pinion teeth to the bore of the pinion. The leads were 
then carried through the bore of the pinion, through a central hole 
in an extension shaft to a terminal block in a housing at the aft 
end of the extension shaft. A plug-in resistor network rotating 
with the shaft was plugged in the other side of the terminal block. 
The resistor network was designed so that the strain gage would 
form one leg of a bridge circuit. 

Power was supplied to the bridge circuit through slip rings and 
the signal was taken from the rotating bridge to the stationary 
parts by other slip rings in the same slip-ring assembly. From 
the slip-ring assembly, the signal was amplified and put on the 
vertical input of a cathode-ray oscilloscope. The horizontal 
sweep was synchronized to the rotating speed of the pinion. The 
signal from each pinion-tooth engagement produced a vertical 
pip on the horizontal trace. 

Resistance temperature gages were installed at the ends and at 
the center of the pinion, between the helices. The temperature- 
gage leads were brought out in a manner similar to that for the 
strain gages to the terminal block in the extension shaft. They 
were connected directly to the slip rings. The temperature could 
be found by measuring the electrical resistance of the gage with a 
Wheatstone bridge. 
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Four strain gages and three temperature gages were active at 
one time. With this arrangement the stresses could be observed 


at four places along the face of the pinion at one time, and the 
temperatures measured at the pinion ends and center. 


The first-reduction pinion tooth is stressed twice per 
revolution, once when it engages the upper gear and once when it 
engages the lower gear. This shows up as two vertical pips on 
the scope trace. In Fig. 6 are shown photographs of the scope 
faces with two traces per scope. The sweep traces are shown 
vertical in the photographs so that the stress pips have the proper 
relative position to the gear engagements. Pips 1 and 5 are from 
the same gage, pip 1 being caused by engagement with upper 
gear and pip 5 by engagement with the lower gear. This gage is 
positioned near the forward end of the forward helix; that is, 
the point closest to the coupling. The positions of the other 
gages are tabulated beneath the scope-face photograph. The 
offset of the trace indicates the maximum strain occurring under 
the gages. Since the stress is proportional to strain, the scope 
was calibrated so that the peak stress could be read directly from 
the scope grid. For example, stress pip 5 indicates a stress of 
23,000 psi. 

Photographs of the expanded form of the stress pip are also 
shown in Fig. 6. The asymmetry of the expanded form is to be 
expected from the nature of the loading applied to the tooth. 
The shape of the expanded oscillogram can be compared with the 
form of the tooth-deflection curve in Fig. 7. Fig. 7 was de- 
veloped on the basis of deflection tests of a tooth model. The 
length of the oscillogram deflection, 0.0005 sec, is in particularly 
good agreement with the length of the computed deflection of 
0.00066 sec. 

The stress indicated for each gage is the average stress for the 
1/,-inch length of the gage at the surface of the machined recess. 
The measured stress can be either tensile when the gage is on the 
loaded side of the tooth or compressive when on the side op- 
posite the load. Since major interest from the standpoint of 
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fatigue strength is in the tensile bending stress, the stress in the 
gage must be related to tensile stress in the root fillet of the un- 
recessed tooth. The factors, depending on depth of recess and 
so on, which are used for correction of the measured stresses are 
derived in the appendix. All stress values listed are corrected by 
these factors. 

Stress and temperature distributions for various conditions 
of speed, alignment, oil temperature, and spray arrangement are 
tabulated in Table 1. 

The stresses given are those measured at four points along 
the pinion in engagement with the upper and the lower gear. 
An average of the four stresses measured on each helix of the 
pinion is also given. It can be seen that there is a wide di- 
vergence in the individual stress measurements but that there is 
uniformity in the average stresses for each series of tests; that 
is, a high stress on one end of a helix is accompanied by a low 
stress on the other end. 

The tabulation includes the ratio of the highest measured 
stress to the average of the eight measured stresses for each test. 
This ratio represents the multiplier to tooth-bending stress re- 
sulting from nonuniformity of load distribution. 

Test 1A shows the initial stress distribution in the pinion 
after setup. The highest stresses are near the forward ends of 
the helices particularly of the lower engagement so that an 
alignment change is in order to reduce the highest stresses. The 
stress distribution is normally judged by visual inspection 
of the wear patterns on the teeth after a marking run. In this 
case the distribution shown by visual marking also indicated 
that an alignment change was necessary to bring about an ac- 
ceptable degree of contact. 

The temperature distribution has stabilized with the center 
temperature gage registering a temperature 34 and 29 deg higher 
than the ends. The average temperature of the pinion is 57 
deg above the oil-supply temperature. 

Stress distribution 1B shows the effect of making a 0.002-inch 
change in alignment. The load shifted somewhat to the aft 
ends of the helices from the forward ends, with a decrease in the 
maximum stress. However, further alignment changes were 
indicated. 

Stress distribution 1C shows the effect of an additional change 
of 0.004 in. to a total change of 0.006 in. Further shifting of the 
load towards the ends of the helices took place, although less 
than was expected. 
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The strain gages show that further improvement in align- 
ment is possible. However, the visual markings on the teeth 
now showed uniform tooth contact and good alignment. Since 
this is the customary index of alignment accuracy, the con- 
dition of contact was considered to be representative and was 
not altered for subsequent tests. 

Comparison of the stress distributions of tests 2A to 2B and 
3A to 3B shows the effect of rotational speed. These were ob- 
tained by taking the first distribution at low speed, accelerating 
to full speed as quickly as possible, and immediately taking 
stress readings to minimize the effect of temperature. 

We note that in both cases, stresses at the center were in- 
creased and stresses at the ends were decreased. It is presumed 
that this is the result of the centrifugal expansion of the gear 
rims. Each rim is welded to two support plates near its ends. 
The center of the rim is thus free to expand outward without the 
restraint of the support plates. 

Tests 2C and 2D show the effect of continued full-power run- 
ning, stable temperatures being reached in 2D. The maximum 
temperature at the center of the pinion is 185 F in comparison 
with 166 and 169 F at the ends. 

In test 2, a part of the oil being supplied to the tooth mesh- 
ings was cut off. The temperature at the center of the pinion 
increased 26 deg to 211 F with only a 1-deg rise at the ends. 
The change in temperature was accompanied by an increase in 
the stresses at all points at the center of the pinion and a decrease 
in the stresses at the ends. 

Tests 2F to 2I are tests with various combinations of tooth 
lubrication and cooling sprays. 

Test 3C to 3G is a similar series of tests, but with torque 
reversed to load the opposite sides of the teeth. The same 
shifting of load between center and ends takes place depending 
on the method of supplying oil to the meshing teeth. 

It is of interest that the bending stress in the teeth tested is 
calculated to be 16,200 psi using the method given in 
Military Specification MIL-G-17859 with appropriate stress- 
concentration factors. 

From the tests it can be seen that the stress multipliers range 
up to 2.7. This result is surprising in view of the fact that 
the tooth contact showed a high degree of uniformity. But 
it offers the prospect of substantial reductions in maximum 
stresses since individual “influences such as the centrifugal 
expansion of the high-speed gear rims, and the high temperatures 
at the center of the pinion can be corrected readily when they 
are identified. 

The tests have disclosed: 

1 The practicability of an experimental method for direct 
measurement of tooth-bending stress. 

2 The order of magnitude of the stress and the stress multi- 
pliers due to imperfect-face contact. 

3 Areas of design wherein definite reduction in maximum 
stress can be accomplished. 


Appendix 


Facrors To CHANGE GAGE Stress To TENSILE 
Srress at Roor Fitter 


The strain gage as used in the machined recess does not indi- 
cate the tensile stress which is of major interest from the fatigue- 
strength viewpoint. The gage stress is a combination of bend- 
ing and compressive stresses which can be corrected to give 
the tensile component in the region where most gear fatigue 
failures start; namely, the point where the root fillet meets gear- 
tooth profile. The plane through this point has been called the 
maximum-stress plane in Fig. 8. 
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TABLE 1 MEASURED PINION STRESSES AND TEMPERATURES 
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1A 
Avg. 
171 203 176 124 100 Astern 
Avg. 13 
1 11.2 
c tne 3.7 165 196 166 120 100 Astern .006" Alicn.Change 
Avg. 13 1.86 
2a 135 136 137 129 6 Aheac 
9. 2.01 
= Ry 1 157 158 161 131 100 Ahead 
Ave. 10. 2.81 
2 
162 168 166 131 100 Ahead 
AVE. 9. 2.135 
2 
166 18 169 131 100 Ahead 
Avg. 10, 2.12 
2 U 26.2 16. 602 
167 211 170 133 100 
Avg. 10.8 14.2 2.71 
2F upper O 24.6 13.8 9.2 
lower 7.7 9.2 30.8 0 169 176 170 130 100 Anead EE on 
Avg. 10.4 13.4 2.59 , 
2G Upper ie) 26.2 16.9 . 
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Ave. 10.8 14.6 2.67 
2H Upper 26.2 16.9 
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Avg. 10.8 15.4 2.70 Pe 
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With reference to Fig. 8 it can be seen that the measuring 
plane is above the maximum-stress plane so that the normal com- 
pressive stress is greater on the measuring plane than the maxi- 
mum-stress plane. No correction has been made for the effect of 
reduced thickness at the machined recess in calculating the nor- 
mal compressive stress and bending stress. 

The position of the load line when the maximum gage stress 
occurs has been determined to be at approximately */, of the 
tooth height. When this is known, plus the geometry of the 
tooth and the gage position, the relative bending stresses can be 
determined. The ratio of the combinations of the bending and 
normal compressive stresses at the maximum-stress plane and at 
the gage in the measuring plane is the factor by which the gage 
stress can be multiplied to supply the tensile stress at the root 
fillet. : 

Two cases are possible, when the load is on the side of the 
tooth opposite the gage and when the load is on the gage side of 
the tooth. When the load is on the side of the tooth opposite 
the gage, astern operation, the following applies (see Fig. 8): 

The bending stress at the gage center, in the measuring plane 


—12FL,C, 
cn = 


and the normal compressive stress, at gage center 


sin 6 
om 


For the point at the beginning of the root fillet in the maximum- 
stress plane on the load side of the tooth the bending stress 
6F 
o = 
B2 He 
and the normal compressive stress 
—F sin 0 
on = 
N2 H; 
The total stress at the gage 
Og = Om + om 
The maximum tensile stress on the load side of the tooth 
Or = + One 


The factor to change maximum gage stress to maximum ten- 
sile stress is ¢7/a7g where 
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Or One + One 


On + Om 


With the substitution of expressions for the bending and 
normal stresses, the factor reduces to 


H. C 
12L, —- + sin 0 
H, 
When the load is on the gage side of the tooth, ahead operation, 
the foregoing applies with the exception that og; is positive and 
0 g2 is on the gage side of the tooth. The factor reduces to 
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-— H, sin 0 


For this particular test the maximum gage stress occurs when 
the load is approximately #/, the height of the tooth. With 
this and the geometry of the tooth and gage location the factors 
to change gage stress to tensile stress at the root fillet were cal- 
culated to be —1.25 for astern operation and 1.54 for ahead opera- 
tion. 


Discussion 


M.S. Bera.* This experimental tooth-stress test is a pioneer 
effort which was long overdue in the measurement of tooth stresses 
of full-size marine gears. The test limited in its scope forms the 
basis for future work which will be of great importance to the 
gear designer. The effects of helix-angle variation, tooth spac- 
ing, and many other factors can now be evaluated accurately in 
the laboratory in a reasonable time. 

It is presumed that the state of the art for installing strain 
gages limits the tooth size on which such gages can be installed 
and that the method would not be practicable for determining 
tooth stress on production units owing to cost and time consumed 
in such testing. Since the authors mention that the time- 
honored visual means for determining tooth contact showed a 
high degree of uniformity, it would seem that a more accurate 
means for obtaining tooth contact should be developed. 

The table does not indicate the effects which would be expected 
from torsional twist. It may be that the effect of torsional 
twist is masked by greater stresses from other causes, 

It would be of interest to know the helix-angle mismating 
determined by measurements and the correlation of such meas- 
urements with the stress patterns obtained. 


Joseru Caccroua.4 Congratulations are in order for this 
concise and able presentation. The derived data indicate load 
concentrations in operation which have long been suspected in 
wide-face marine gears although not normally to the extent shown 
in these studies. The need for further investigations of this 
type to allow evaluation of alteration in design or helix-angle 
modification is well justified. A disadvantage of the described 
method lies in the necessity for machining a recess in the tooth 
surface for mounting the strain gage. Similar investigations 
are being conducted at the Naval Boiler and Turbine Labora- 
tory to develop techniques for application of strain gages without 
modification to helical gear teeth. This has been accomplished 
using curved resistance gages which are cemented directly upon 
the gear tooth in the fillet area. Precise location is virtually 


3 Bureau of Ships, Department of the Navy, Washington, D. C. 
4U. 8. Naval Boiler and Turbine Laboratory, Naval Base, Phila- 
delphia, Pa. 
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impossible under these conditions. Accordingly, a calibrating 
device was designed to impose static load of known magnitude 
upon selected areas of the instrumented teeth. By applying 
load between two parallel and flat jaw faces spanning a se- 
lected number of teeth, contact may be made extending from 
the tooth tip diagonally across the tooth in virtual duplication 
of actual contact occurring between mating gear and pinion, 
Calibration is accomplished by shifting the position of the load 
applier across the tooth face until the maximum gage output is 
determined for a given load. Similar calibrations of other 
gages then permits a determination of relative load distribution, 
Actual calibration of a group of gages mounted on a double 
helical pinion has shown an appreciable variation in resistance 
change per unit load for similarly mounted gages. Limited test 
operation has now demonstrated this manner of gage applica- 
tion and calibration to be practical. A similar calibration pro- 
cedure is suggested for the test discussed by the authors. 

In Table 1 of the paper, gages have indicated a serious concen- 
tration of load for the upper gear, aft helix and the lower gear, 
forward helix for all ahead runs. It is puzzling that maldistri- 
bution of load of this severity should not be evident in visual 
examination. Our experience has shown fax-film enlargements 
to be helpful in detecting nonuniformity of load distribution within 
the face width and in the involute profile through removal of 
initial tool markings through polishing action or by the appear- 
ance of distress markings such as pits, radial scuff marks, or other 
indication. Copper plating with electrical brush deposition of a 


layer of copper less than 0.0001 in. thick also has been helpful 
in showing areas of distress. Although these inspections cannot 
yield data obtained by strain gage, their application in the 
described tests should provide some correlation to test data which 
should prove valuable in future service examinations wherein 
interpretation of load distribution can only be made by surface 


appearance. 


L. J. Cottins.6 The method employed by the authors in an 
effort to measure the root stress in gear teeth is of considerable 
interest and the fact that they made an effort to familiarize the 
industry with the method is greatly appreciated. 

Although we have studied the data presented in Table 1, it 
does not seem to be in order to discuss these data since the pri- 
mary purpose of the paper was to present a description of a 
measuring technique. 

The authors referred to laboratory tests being conducted at 
the present time. If data are made available at the completion 
of these tests, the degree of accuracy of the mating-gear elements 
should be recorded. Errors in helix angle, tooth spacing, and 
alignment are all variables and will affect the value of the con- 
clusions reached. 

In all probability the method of measurement outlined in the 
paper would not be allowed on a production unit. For this 
reason then, physical measurements of the test pieces must be 
made accurately and the effect of all variables evaluated as ac- 
curately as possible. If this is done, and if the physical measure- 
ments of a production piece are known, then the probable 
stresses to which the production piece will be subjected can be 
estimated. 


§ Manager-Gear Engineering, Medium Steam Turbine, Generator 
and Gear Department, General Electric Company, Lynn, Mass. 
Mem. ASME, 
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H. Enevauu.* The paper is quite timely, dealing as it does 
with a subject that in the last several years has become very 
important; namely, the bending stresses in gear teeth. The 
need of the Navy for compact lightweight gear reductions and 
the construction of large freighters and supertankers built to 
operate at high speeds, made it necessary to design gear reduc- 
tions capable of transmitting the required power day in and day 
out without failure. Naturally, as the power increased, the 
sizes of the gears increased and so did the problems connected 
with their design. Because of weight and space, considerations 
which affect both manufacturing and ship installations, it became 
necessary to increase gear-tooth loadings as far as possible with- 
out affecting the dependability of the gearing. Among the 
steps taken that made it possible to do this successfully were: 


Increased accuracy in gear hobbing. 
Improved tooth form. 

Improved tooth finish. 

The use of better material. 

Realistic design of the gear elements. 


In the past, gear troubles were confined mostly to breakdown 
of tooth surfaces due to pitting, scuffing, etc., but as these troubles 
were overcome by improved manufacturing techniques and gear 
loadings were increased, tooth breakage began to show up and it 
was then recognized that new design standards were required. 

The bending stresses in gear teeth naturally increase directly 
with tooth loadings and the tooth loadings per inch of face, for a 
given K-factor, increase directly with the diameter of the pinion. 
As the gears designed today not only must have larger dimensions 
because of the increased power rating but also must be designed 
for higher K-factors, it is obvious why the tooth-bending stresses 
have become a very important design consideration. The only 
way to reduce the bending stresses in a given design is to increase 
the size of the gear teeth because the stresses roughly vary di- 
rectly with the size of the teeth. 

In the past our knowledge of these stresses was based on the 
result of photoelastic studies but during the past several years ex- 
tended laboratory tests, such as the torque test referred to in this 
paper and actual installations aboard ship of highly loaded 
gears, have shed enough light upon the subject to permit us to 
design gears successfully that meet today’s requirements. 

The test described in this paper must be looked upon as the 
first step toward acquiring new and perhaps more fundamental 
knowledge on this subject and the authors are to be congratulated 
upon having taken such a chore upon themselves. 


Avutnors’ CLosuRE 


Mr. Berg raises an interesting point regarding correlation 
between stress patterns and helix-angle mismating. The helix 
angles of the test gears were matched so that the only expected 
stress variation was that due to torsion of the pinion body. 

The authors are gratified that the Naval Boiler and Turbine 
Laboratory is making further investigation into the application 
of strain gages to gear teeth. It would be helpful indeed if a 
method could be developed that would give positive measure of 
tooth load distribution in a service set of gears. 

The authors hope that continuation of the present series of 
tests can be carried to a conclusion that will define the magnitude 
of all variables which affect tooth load distribution. 


* Executive Engineer, De Laval Steam Turbine Company, Tren- 
ton, N. J. Mem. ASME. 


~ Calculation of Theoretical Flame 
‘Temperatures in Furnaces 


By J. W. MYERS,' S. A. GOLDBERG,? anv R. W. SMITH, JR.,’? PITTSBURGH, PA. 


This paper presents thermodynamic data in graphical 
form to be used in determining adiabatic flame tempera- 
tures for combustion processes at atmospheric pressure. 
The data are applicable for coal, coke, and liquid and gase- 
ous hydrocarbon fuels when burned with air at values of 
excess air ranging from 0 to 100 per cent. A technique for 
using electronic computing machines to calculate the 
equilibrium composition and enthalpy of gaseous prod- 
ucts of combustion is discussed. The data are presented in 
a generalized form so that the heat of dissociation and 
total enthalpy can be determined for any gas composition 
within the range considered and for any temperature be- 
tween 2400 and 4000 F. Conversely, the adiabatic flame 
temperature may be determined if it lies between these 
limits and if the enthalpy of the system is known. Plots 
of the heat of dissociation of flue gases permit the de- 
termination of flame temperature with an accuracy of 
+20 F by means of additional calculations and auxiliary 
plotting. Simplified plots of total enthalpy enable the 
flame temperature to be determined directly with an ac- 
curacy of +75 F. Although only four gas components, CO», 
H.O, O,, and N, were considered, it is unlikely that minor 
constituents will affect the results appreciably. Trial 
calculations showed that the error introduced by including 
SO, with CO, when burning a high-sulphur coal amounted 
to less than 10 F at extreme conditions of temperature and 
excess air. 


INTRODUCTION 


INCE 1946 the U. 8. Bureau of Mines has co-operated with 
S the Special Research Committee on Furnace Performance 
Factors of The American Society of Mechanical En- 
gineers in conducting an investigation at intermittent intervals 
on the performance of typical large steam generators. During 
this period tests were made on three pulverized-fuel-fired furnaces, 
each employing different firing methods; one on a natural-gas- 
fired furnace, and one on a spreader-stoker-fired furnace. The 
results of these tests were published in the Transactions of the 
Society (1-5).‘ 

In 1953 the Committee decided that, before any further ex- 
perimental work was done, the data from these installations should 
be analyzed to determine whether a generalized correlation of 
furnace heat-absorption efficiency could be obtained in terms of 
the operating variables of the furnace. Accordingly, the Bureau 


of Mines initiated a detailed study of the data to determine 

1 Supervisory Technologist, U. 8. Bureau of Mines. Mem. ASME, 

2 Chemist, U. S. Bureau of Mines. 

3 Supervisory Mathematician, U. S. Bureau of Mines. 

4 Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Research Committee on Furnace Performance 
Factors and presented at ajoint session with the Research Committee 
on Corrosion and Deposits From Combustion Gases at the Annual 
Meeting, New York, N. Y., November 25-30, 1956, of Tue Amert- 
CAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, October 
17, 1956. This paper was not preprinted. 


whether any of a number of correlations that have been proposed 
could be used to describe the data. In a paper by Greyson (6) 
and co-workers, presented at the 1955 Annual Meeting of the 
Society, the results of a statistical study showed that no one of 
three proposed correlating schemes was adequate to describe 
the data within reasonable confidence limits. 

Greyson’s work discussed two possible methods of correlating 
the performance data by means of the adiabatic flame temperature 
as proposed by Hurvich (7) and Konokov (8). It was recognized, 
both by the committee and by the Bureau of Mines, that it would 
be desirable to determine the flame temperatures, not only for 
evaluating the correlation schemes mentioned, but also for use in 
other techniques that might be developed. 

Other investigators have published data on flame tempera- 
tures, but it was found that none of the data was fully satisfac- 
tory for the present investigation for several reasons. Smith, 
Manton, and Brinkley (9), Smith, Edwards, and Brinkley (10), 
and Powell (11) have published thermodynamic and flame- 
temperature data for specific liquid hydrocarbons, none of which 
could be applied to solid and gaseous fuels or to liquid hydro- 
carbon fuels in general. Hottel, Williams, and Satterfield (12) 
published generalized thermodynamic charts for combustion 
processes, but their work covered such a wide scope that only a 
small portion of the data could be applied to combustion processes 
in boiler furnaces. Thus, interpolation of the data is very diffi- 
cult and subject to considerable error owing to limits of precision 
in using the charts. Therefore, it was decided to calculate addi- 
tional flame-temperature data that would be applicable under the 
conditions of this investigation, and to present the results in a 
manner that would afford the maximum convenience in their 
application. An automatic electronic computing machine using 
a punch-card data-entry system was obtained to carry out the 
laborious numerical computations required for this investigation. 

This paper gives the results of the calculations in the form of 
generalized enthalpy data that can be used for determining adia- 
batic fiame temperatures between 2400 and 4000 F, 


GENERAL CONSIDERATIONS 


The problem of calculating adiabatic flame temperatures con- 
sists essentially of an energy balance. Since, by definition, the 
process is adiabatic, all the heat entering the system is used 
to raise the temperature of the products of combustion and to 
supply the latent heat of vaporization of water, including moisture 
present in the fuel as well as water formed by burning hydro- 
carbons. 

Although this discussion could apply to various systems, the 
immediate problem is in connection with burning fuel in boiler 
furnaces. Therefore, the specific terms fuel and air will be used 
for the reactants and frequently the gaseous products will be 
designated as flue gas for simplicity. 

The heat input to the system generally consists of the sensible 
heat of the reactants and the heat of reaction, at constant 
pressure, between the fuel and air (that is, heat of combustion). 
The heat input will be reduced if combustion is not complete, and 
the input must be corrected accordingly by subtracting the heat 
of combustion of any unburned fuel. The latent heat of vapori- 
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zation of water in the products may be compensated for by using 
the lower heating value of the fuel and by making suitable correc- 
tions for the moisture in the fuel. No correction is needed for the 
latent heat of the moisture in the air, since it is initially present 
in the form of a vapor. 

The heat input, corrected for unburned combustible and latent 
heat, will be equal to the enthalpy of the products of combustion 
at the adiabatic flame temperature. It should be noted here 
that the products will include solids as well as gases in the case of 
coal flames. 

The heat balance may be represented by the following simpli- 
fied equation, in which the members on the left designate the heat 
input and the right side shows the total enthalpy of the products 
of combustion 


— To ep] + m(T2 — + m(Qe — 
= Z[p(T, — To)c,] + AH......[1] 


where 


n quantities of constituents of oxidizing medium (air in- 
cluding moisture ) 
quantity of fuel 
= quantity of constituents in products (including any 
solids) in undissociated state at reference temperature 
mean specific heat of various materials (it is assumed that 
process is at constant pressure) 
heat of combustion of fuel at reference temperature (lower 
value, corrected to constant pressure ) 
> heat unavailable due to unburned combustible and to 
latent heat of moisture in fuel 
heat of dissociation of gaseous products at 7’, (from condi- 
tion defined in p to final equilibrium state ) 
To = reference temperature 
Ti temperature of oxidizing medium 
7: = temperature of fuel 
T, = adiabatic flame temperature 


The solution of the equation is complicated by the fact that the 
ultimate temperature obtained may be high enough to cause 
thermal dissociation of certain compounds in the products of 
combustion and equilibrium adjustments among various species. 
Since the extent of these reactions depends upon the final tempera- 
ture and the temperature, in turn, depends upon the energy 
changes involved in the reactions, the solution can become rather 
involved. Although the thermodynamic principles that govern 
the dissociation are well understood, the application of these 
principles becomes a laborious task in finding numerical solu- 
tions to the problem. 

Evaluation of the terms in the left side of the equation is 
straightforward and depends only upon the properties of the fuel 
and air. The first term on the right represents the sensible heat 
in the products of combustion, including that in solid products 
as well as the gaseous products. The last term is the heat of re- 
action involved in changing the composition of the products from 
the normal undissociated state to the conditions at final equilib- 
rium. For hydrocarbon fuels the undissociated product gas will 
comprise CO,, and atmospheric Ne. Argon from the com- 
bustion air is included with the nitrogen. Calculations of the sen- 
sible heat of both reactants and products should be based upon 
the same reference temperature. If the temperature at which the 
heat of combustion of the fuel is reported differs appreciably from 
this reference temperature, the heating value should be corrected 
to this reference by standard thermodynamic techniques. Also, 
the heating value should be converted to the constant-pressure 
basis, unless it is determined on that basis. 

Thermodynamically the enthalpy of the equilibrium mixture 
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above the reference temperature is independent of the path that 
is followed in reaching equilibrium. However, for practical rea- 
sons, it was found to be much simpler to consider the sensible 
heat of the undissociated products and the heats of reaction at 
equilibrium temperature because fewer gas components are in- 
volved in calculating the sensible heat by this method. 

The terms, n, m, and p, must be consistent values. For con- 
venience, they are usually based on some unit of one of the 
materials involved in the process, such as | lb, 1 cu ft, or 1 mol of 
fuel. 

In the usual method of solving Equation [1] for a specific set of 
conditions, a temperature 7’, is assumed and the terms on the 
right side of the equation are evaluated. If the right side does not 
agree with the left, a new value is assumed for 7, and the process 
is repeated until the equation is satisfied. Evaluating the term 
AH requires further assumption, and a trial-and-error technique 
to be described later. It was decided early in this investigation 
that the large number of temperature determinations required 
would warrant a generalized solution that could be applied to any 
setof combustion conditions, within certain limits, not only in this 
investigation but to any combustion process using the more com- 
mon fuels. Accordingly, it was decided to calculate the heat of 
dissociation at equilibrium and the total enthalpy of the equilib- 
rium mixture at various arbitrary levels of temperature and flue- 
gas composition. From these data, in either tabular or graphical 
form, the enthalpy of a specific gas composition could be deter- 
mined at various temperature levels, and a simple interpolation 
would then give the temperature at which the enthalpy would be 
equivalent to the heat input to the system. By definition, this is 
the adiabatic flame temperature that is being sought. 


Score CoveRED IN CALCULATIONS 


After the decision was made to obtain the flame-temperature 
data in a generalized form, it became necessary to find a satis- 
factory way of defining gas compositions and to establish limiting 
conditions to both composition and temperature, which would 
cover the range of combustion conditions to be expected in boiler 
furnaces. It was decided that the data should cover all flue-gas 
compositions resulting from burning coke, coal, oil, or natural gas at 
excess-air values ranging from 0 to 100 percent. Since most com- 
bustion processes in boiler furnaces are carried out at or near 
atmospheric pressure, this was the only pressure used in the equilib- 
rium calculations. The upper and lower temperature limits 
were chosen as 4000 and 2400 F, respectively. It was believed 
that the flame temperature would not exceed 4000 F at low excess 
air and with a reasonable preheat temperature of the combustion 
air. Likewise, it was believed that the temperature would not 
go below 2400 F with cold combustion air even at the high excess- 
air value. Moreover, the degree of dissociation of the combus- 
tion products is not appreciable below this temperature. 

A reference temperature of 80 F was selected for the sensible- 
heat quantities, because published specific-heat data based on 
that temperature are generally readily available, and because the 
temperature of the fuel entering the system is often close enough 
to 80 F that no correction for its sensible heat will be required. 

Brinkley (13) and Brinkley and Lewis (14) give extensive dis- 
cussions on the minimum number of constituents, designated as 
independent components, required to completely define gross sys- 
tem at chemical equilibrium. They also show that the minimum 
number of independent components ¢ for any system containing a 
total of s constituents can be obtained by determining the highest 
nonzero determinant that can be obtained from a matrix con- 
structed from all the elements in the system and the subscripts 
of each element (which may be zero) in the molecular formula 
of each constituent in the system. 

They also show that the number of degrees of freedom, or the 
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number of variables that must be specified to define the system 
can be obtained from an application of the Gibbs phase rule 


F+P=c+2 


where F is the number of degrees of freedom in the system, P 
is the number of phases present, and c is the number of independ- 
ent components in the system. For a homogeneous system with 
only one phase it is necessary to specify c + 1 variables to define 
the composition of the system. Normally, this is done by 
specifying the temperature, pressure, and c — 1 components. It 
should be noted here that, although unburned carbon is fre- 
quently present in coal flames, reaction and diffusion rates are 
controlling factors, and the gases are not in equilibrium with the 
solid carbon. The system is therefore considered homogeneous 
when the reactants form a lean mixture: thatis, with more than 
the stoichiometric amount of air supplied. 

Although a number of different constituents may be selected 
as the c independent components, provided every chemical ele- 
ment in the system is represented, certain combinations will be 
more convenient than others. For the system considered here 
there are four independent components. Those selected as most 
convenient are the normally undissociated constituents of com- 
bustion products, CO., Ox, and Ne. These components 
may be expressed in the form of atomic ratios, which have several 
advantages over the components themselves for calculation 
purposes. The chief advantage is the fact that the ratios 
may define both the gross and the equilibrium systems be- 
cause they are the only criteria that do not change with 
the degree of dissociation of the products. Also, the 
ratios are independent of the total number of mols of gas 
considered in the gross system. In this study the ratios C/U, 
H/O, and N/O were used to describe the system. For simplicity 
these ratios are designated as Rc, Ru, and Ry, respectively, 
throughout this paper. 

Limits to the atomic ratios were established by considering 
the extremes that would be possible in the fuel and air composi- 
tions. The upper limit of 3.8 for Ry is obtained when burning 
dry coke having a minimum of oxygen and a maximum of nitro- 
gen. The lower limit of 3.2 for Ry is obtained with moist coal 
high in oxygen when burned with saturated air. The upper limit 
of Ru is established at 1.2 when burning a hydrogen-rich fuel, 
methane, saturated with water vapor in an atmosphere of satu- 
rated air. The lower limit could be zero for hydrogen-free fuel 
and dry air. However, it is unlikely that either condition would 
occur and the lower limit was set at 0.02. A value of zero was not 
used for any ratio because it would require a different calculation 
technique to avoid dividing by zero. 

The maximum Rc ratio depends upon the Rx ratio and was 
chosen at the stoichiometric boundary of the area, Again the 
lower limit was chosen above zero for practical considerations in 
the calculating technique. A lower limit of 0.05 was low enough 
to give an excess-air value of 100 per cent or higher at Ra = 
1.20. 

Values for Ru were assumed at seven levels including the upper 
and lower limits previously mentioned. From three to six values 
were chosen for Rc including the lower limit and the limiting value 
at the stoichiometric boundary. Adequate coverage of the de- 
sired area was obtained by selecting 33 combinations of these Rc 
and Ru-values. Values of Rx were taken at four levels in addition 
to the two limits previously established. Temperatures were 
assumed at 200-deg intervals between the limits of 2400 and 
4000 F. The nine temperature levels and six levels of Ry in 
conjunction with the 33 combinations of Rc and Rx gave a total 
number of 1782 points. 

Although sulphur frequently occurs in many fuels, it was not 
included in the equilibrium calculations. Several exploratory 
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calculations showed that if SO, is included with CO,, as is usually 
the case in making Orsat analyses, a negligible error is introduced 
into the total enthalpy of the gas at equilibrium conditions. 
Argon present in the combustion air was not considered in 
calculating the equilibrium compositions. Since it does not enter 
chemical reactions and since its effect on the concentration of the 
other constituents is so small, it was believed that its effect on the 
heat of dissociation at equilibrium would be insignificant. How- 
ever, argon was considered separately in determining the sensible 
heat of the gas mixtures since its specific heat differs slightly from 
that of nitrogen. 


Speciric CALCULATION PROCEDURE 


Equilibrium Composition. The flue-gas constituents that were 
considered in this investigation are shown in the following along 
with letters used for convenience in designating the partial pres- 
sures of these constituents 


Pco, = 
Pco Po 
Pu = 
Po, Py =l 


o = Pa 
Pxo = 


Other investigators (14) have shown by trial calculations that 
methane and ammonia are not present in lean mixtures. 

It was shown earlier that this system could be defined by four 
independent components and that the constituents a, c, d, and e 
had certain advantages for this purpose. It is possible to show 
that the seven remaining dependent constituents in this system 
may be related to the four independent components by sevenchem- 
ical-equilibrium equations. For this study the following equa- 
tions were selected 


1 
1 
H,O — H, + — Oz: 
2 
1 
H,O = OH + 
1 
— H, = 
2 2 
1 


Oz 


1 1 
—N — 0,.= NO; 
2+ 2 


1 
= N; Ky 


Since there are 11 unknowns in the system, 4 additional equa- 
tions are required for solution. Three of these may be obtained 
from the mass-balance relationships and the remaining equation 
may be obtained from the total pressure of the system, which is 
known. 

The mass-balance equations that were selected are 


b/d 
a 
d 
x, 
c 
/ 
c 
h 
K, = —............[5 
k 
no 
no 
‘ 
+ 
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where 


. [13] 


[14] 


The quantities nc, na, ns, and no are the number of gram atoms 
of carbon, hydrogen, nitrogen, and oxygen, respectively, available 
in the system. Equations [12] to [15] cannot be used directly as 
mass-balance equations, since only the relative amounts and not 
the absolute number of gram atoms are known. 
The remaining equation is the total pressure equatiun 


[16] 


where P; is the partial pressure of each of the several constituents 
in the equilibrium mixture. 

The solution of the 11 simultaneous equations, [2] to [11] 
and [16], constitutes the difficult part of calculating flame tem- 
peratures. Since the presence of higher-order equations in the 
system precludes a direct solution, the usual procedure is to 


employ some trial-and-error technique. Early in this program 
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the calculating procedure of Damkoehler and Edse (15) was con- 
sidered as a possible method for obtaining a very limited number 
of temperature values by manually operated computing machines. 
However, the graphical manipulation used to test the solution is 
rather complicated, and a relatively large number of trials must 
be made to obtain a satisfactory degree of accuracy. Moreover, 
the necessity of the graphical operations would not permit the 
adaptation of the method to automatic computing machines. 

The procedure finally adopted was an iteration technique ob- 
tained by modifying the method of Brinkley and Lewis (14). 
The modifications consisted of preliminary algebraic solution of 
part of the equations to reduce the number of trial values to be 
assumed to start the sequence. This had the advantage of short- 
ening the arithmetical work when manual calculation is employed 
and of reducing the quantity of data that must be entered when 
using automatic computing machines. Moreover, when fewer 
assumptions are made, the constituents with the lowest values 
may be assumed, which will permit the iteration technique to 
converge more rapidly. 

The modified technique used for the automatic machine com- 
putations is represented by the following equations 
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Heat or Dissociation AH or Five Gas at Equitiprium as A Function or Gas Composition at 2400 F 


(Right diagram shows 4H at Rn = 3.60. Left diagram gives correction 3, to be added for other values of Ry.) 
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(Right diagram shows AH at Ry = 3.60. 
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2 [noRu 


| 
2 {noRx — 


d = P — (nokc +¢ +e + F) 


where P is the total pressure of the system and items K, to K; are 
the equilibrium constants of the reactions shown by Equations 
[2] to [8]. Equations [17] to [23] are parametric equations used 
to simplify programming of the computations. All the other 
terms have been defined previously. 

At the beginning of the calewlation process, values were assumed 
for h,j, andl. These values were substituted in Equations [17] 
to [27], which were solved in sequence. The major components 


Left diagram gives correction 3, to be added for other values of Ry.) 


c, d, and e, obtained by this solution; were then used to deter- 
mine new values of h, j, and /, by using the following equations 
derived from certain of the equilibrium equations 


[28] 


[29] 
[30] 


The new values h’, 7’, and l’, or some value between the initial 
value and the final value, were then substituted back in Equations 
{17] to [27]. The process was repeated until the absolute differ- 
ence between the initial and final values of each of the terms, 
h, j, and 1, was equal to or less than some preselected convergence 
criterion. These criteria were selected to give results that had 
as many correct significant figures as the equilibrium constants 
used in the equations. When the convergence criteria were 
satisfied, the remaining constituents were obtained by means of 
the appropriate equilibrium equations. 

The results obtained by these calculations were the partial 
pressures or the mol fractions of the various constituents in the 
products at the equilibrium state. Since, in the usual combustion 
calculations, the volume ©’ flue gas is known only in the undis- 
sociated state, it was necessary to convert the equilibrium com- 
position to the basis of the undissociated gas. Accordingly, the 
number of mols of each constituent Cotained from one mol of 
undissociated gas was calculated from the mol fractions in the 
equilibrium state by means of a carbon-atom balance. 

Enthalpy of Products. After the equilibrium composition was 
obtained, the heat of dissociation was determined for each of the 
equilibrium reactions shown in Equations [2] to [8]. The in- 
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dividual heat values were added to give the total heat of dis- 
sociation of the products. The quantities of the gas constituents 
were those calculated on the basis of the undissociated gas volume, 
so that the total heat of dissociation would be in terms of one mol 
of the wet undissociated gas. 

The sensible heat of the products above the reference tempera- 
ture was obtained as the sum of the sensible heat values for each 
of the four constituents COQ., H,O, Ox, and atmospheric N». The 
value for each of the constituents was determined by multiplying 
the mol fraction of the constituent by its mean specific heat and 
the temperature difference above the reference temperature. 
The sensible heat 


Atmospheric N. as used here includes argon. 
of the products was combined with the total heat of dissociation 
to obtain the total enthalpy of the equilibrium mixture expressed 
in Btu per mol of wet undissociated gas. 


Source of Data. With one exception, all the thermodynamic 
data used in the caleulations were taken from the latest work of 
Rossini (16). He gives the equilibrium constants of formation 
and the AH of formation of the various constituents from ele- 
ments in the molecular states. These data were used in deriving 
the values applicable to the specific reactions selected to describe 
the system under study. The mean specific-heat values for the 
undissociated components were obtained from Rossini’s table of 
heat-content functions by subtracting the heat content at the 
reference temperature from the temperatures at which the calcula- 
tions were made. In the exception noted previously, a constant 
value for the specific heat of argon was obtained from Keenan and 
Kaye (17). The heat quantities were all converted from cal per 
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Left diagram gives correction 6, to be added for other values of Ry.) 


mol to Btu per mol before they were used in computing the 
enthalpy of the specific gas mixtures. 

All the data in the reference cited are presented on the basis of 
the centigrade temperature scale. In order to use the data in 
this work, it was necessary to interpolate to find values at the 
desired levels on the Fahrenheit scale. The interpolation was 
carried out by a combination of graphical and analytical methods, 
which it is believed gave values with a degree of accuracy com- 
parable to the original entries in the tables. 

Results of Calculations, The results of the calculations are 
presented in two different forms, either of which can be used to 
determine flame temperatures, depending upon the relative im- 
portance of accuracy of results or convenience in use. In the one 
form only the heats of reaction AH at equilibrium are considered, 
while the other is based on the total enthalpy H. Of the two 
methods, plots of AH give the higher degree of accuracy. How- 
ever, some arithmetical work is required for interpolation, and to 
determine flame temperatures or total enthalpy from these data 
it is necessary to calculate the sensible heat of the undissociated 
gaseous products at each composition and temperature involved. 
Plots of total enthalpy H greatly facilitate the determination of 
flame temperatures, but only by sacrificing accuracy. Neverthe- 
less, for approximate solutions they are entirely adequate. 

Figs. 1 to 9 are plots of AH versus Pc and Rg at a value of 3.60 
for Ry and at the various temperatures. These figures also show 
corrections, 6 to be added to the AH at Rn = 3.60 to obtain AH 
at any value of Ry for the appropriate temperature. The ac- 
curacy of the various plots will be discussed in greater detail 
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later. In using these curves to determine flame temperature it is 
necessary to find AH at several temperatures in the region of the 
flame temperature. The sensible heat is then calculated by 
appropriate methods at the same temperature values. For this 
purpose Table 1 is included, which gives heat-content values that 
were derived from Rossini’s data and that were used in the cal- 
culations of this investigation. The sensible heat and AH are 
then added to give the total enthalpy H, which is plotted against 
the temperature. The flame temperature at any enthalpy value is 
then obtained by interpolating from thiscurve. Specific examples 
illustrating the use of the plots will be presented in a later section. 

An attempt was made to find some general correction factor 
that could be used to determine the effect of temperature in the 
same manner that the correction curves in Figs. 1 to 9 were applied 
to the Ry-values. However, no simple relationship was found 
that would give results with the desired accuracy without tedious 
auxiliary plotting or calculations. Accordingly, it was decided 
that the plots should be repeated for each temperature level used 


TABLE 1 Heat Content or GASES 
(Values are in Btu/mol based on reference of 80 F) 


17749 
19425. 
21114. 
22813. 
24524. 
26244. 
27969. 
29702.4 
31434.3 


CO: O, 
28782.0 18838. 1 
31615.5 20602 .6 
34470.9 22381 .1 
37343 .8 24168 .2 
40238 .4 25967 .0 
43146 .3 27782.8 
46073.5 29609 
49017 .3 31446.1 
51975.1 33295 .4 


41567. 


* Includes argon 1.24 per cent. 
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in the calculations, and the heat of dissociation could then be 
determined at intermediate temperatures by interpolation as 
described in the preceding paragraph. 

For rapid approximate solutions, the total enthalpy values H 
are plotted in Figs. 10 and 11. Fig. 10 shows the enthalpy at any 
composition within the range covered at a temperature of 4000 F. 
The set of curves shows enthalpy plotted against Rc and Ru 
for one value of Ry. The straight lines are used to determine the 
enthalpy at any value of Ry. Fig. 11 is used to determine 
the enthalpy at any temperature, or conversely, the temperature 
corresponding to any enthalpy, when the enthalpy at 4000 F is 
known. These two figures can be used to determine approximate 
flame temperatures without additional computation or auxiliary 
plots. 

To obtain a very rough approximation of the flame tempera- 
ture expected with various fuels at various air-to-fuel ratios, Fig. 
12 was developed from the data previously presented. For this 
simplified presentation, it is assumed that a hypothetical dry fuel 
at a temperature of 80 F containing only carbon and hydrogen is 
burned with dry air. The calorific value of the hypothetical fuei 
was calculated by the formula proposed by Boie (18). The plot 
shows approximate flame temperature as a function of excess 
air for fuels of various hydrogen-to-carbon atomic ratios ranging 
from 0 to 4. Most coals fall in the range of 0 to 1 ratio and the 
ratio of 4, represented by methane, is the maximum obtainable 
with hydrocarbon fuels. Two sets of curves are shown in the 
figure; one for an air-preheat temperature of 100 F and the other 
for a preheat temperature of 600 F. Linear interpolation between 
these values is probably permissible because the accuracy of the 
chart is severely limited by the assumptions made and by the 
method of calculating calorific value of the fuel. This figure will 
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Fig. 4 Heat or Dissociation AH or Five Gas at Equiuiprivm as A Function or Gas Composition at 3000 F 
(Right diagram shows AH at Rx = 3.60. Left diagram gives correction 5, to be added for other values of Rw.) 
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be of most utility in estimating flame temperature at any excess- 
air value if the temperature is known at any other value. This 
can be done by following the H/C parameters from a point of known 
temperature and excess air to any other value of excess air. 


Liuits or AccuRAcY 


Calculations. The thermodynamic data obtained from the ref- 
erences previously cited were reported accurately to five signifi- 
cant figures. It is believed that the interpolation method used 
preserved this degree of accuracy in the values of the various 
properties at intermediate temperatures used in the calculations. 
All operations on the computing machine were carried out to six 
or more significant figures to insure that the accuracy of the 
results was comparable to thatof the original thermodynamic data. 
Only the final results were rounded off to the required number of 
significant figures. In the case of the total enthalpy, five figures 
were retained, which is the maximum permitted by the original 
data. The heats of dissociation were rounded off to two to four 
significant figures, depending upon temperature. This is sufficient 
to give the total enthalpy accurately to five significant figures. 

Accuracy of Plots. In Figs. 1 to 9 the accuracy of the AH- 
values at Ry = 3.6 is limited only by the precision of plotting the 
calculated points and of interpolating between these points; the 
greatest error from this source is about +200 Btu, or about +18 
deg at 4000 F. Although the correction curves in Figs. 1 to 9, 
showing 6 as a function of AH and Ry, are not uniquely determined 
for one given set of conditions, the greatest error in these curves 
amounted to only 9.2 Btu at 4000 F. This corresponds to an 
error in flame temperature of less than 1 deg F at 4000 F. 
The error at lower temperature is considerably less than the error 
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Heat or Dissociation SH or Five Gas at EquiLisprium as A Function or Gas Composition at 3200 F 
Left diagram gives correction 8, to be added for other values of Rn). 


at 4000 F. The limit of precision in using these correction curves 
is about +20 Btu at 4000 F, corresponding to a temperature error 
of less than 2 deg. The results obtained from these correction 
curves therefore would be expected to be accurate within +3 
deg at 4000 F and to be considerably more accurate at lower 
temperatures. 

In Fig. 10 the curves represent the calculated data points with 
an accuracy of +50 Btu. The precision of interpolation on this 
plot is estimated to be about +200 Btu. Accordingly, the total 
error in using this plot will not exceed 250 Btu, corresponding to a 
temperature error of 20 deg. 

The construction of Fig. 11 was based upon the assumption 
that the relationship between total enthalpy and composition 
is similar at all temperatures. However, this is known to be 
erroneous, at least in the case of the heat of dissociation, as shown 
by comparing Fig. 4 with Fig.9. Average values for about 40 gas 
compositions were used in constructing two of the curves in 
Fig. 11, and the remaining curves were located by linear inter- 
polation at each temperature level. Although this type of con- 
struction may not have given the best fit with the calculated data 
points, it permitted the calculation of the error between the cal- 
culated and plotted values. These calculations showed that when 
the curves are used to represent all the data, the error ranges 
from 0 at 4000 F to +400 Btu at lower temperatures. A further 
error ranging from about +200 Btu at 4000 F to 100 Btu at 2400 
F is introduced by the limits of precision in interpolating from the 
chart. The combined errors attain a maximum of about 520 Btu 
at 2800 F, which corresponds to a temperature error of 55 deg at 
this temperature level. The total error in using both Figs. 
10 and 11 may therefore be as high as 75 deg. 
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Fic. 6 Heat or Dissociation AH or Five Gas at EquiuisriuM as A Function oF Gas Composition at 3400 F 
(Right diagram shows AH at Ry = 3.60. Left diagram gives correction 5, to be added for other values of Ry.) 
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Fia. 7 Heart or Dissociation AH or Five Gas at Equiuiprium As A Function or Gas Composition at 3600 F 
(Right diagram shows AH at Ry = 3.60. Left diagram gives correction 4, to be added for other values of Rwy.) 
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Fic. 8 Heat or Dissociation AH or Five Gas at EquiLiBRium As A Function oF Gas Composition at 3800 F 
(Right diagram shows AH at Ry = 3.60. Left diagram gives correction 3, to be added for other values of Ry.) 
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Fig.9 Heat or Dissociation AH or Five Gas at Equitiprivum As A Function oF Gas Composition at 4000 F 
(Right diagram shows 4H at Ry = 3.60. Left diagram gives correction 5, to be added for other values of Ry.) 
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Fig. 10 Tora Entuacrey H or Five Gas at Equiniprivm, at 4000 F, as a Function or Wet Gas Composition 


Effect of SO, in Combustion Products. During the course of the 
work, some concern was felt over the magnitude of errors that 
would be introduced by not considering sulphur compounds in the 
equilibrium reactions. To determine the effect of sulphur com- 
pounds, several trial calculations were made with manually op- 
erated computing machines. A typical high-volatile C Illinois 
bituminous coal containing 5 per cent sulphur was used as the 
basis for calculations at three different combustion conditions: 
0, 10, and 100 per cent excess air, and at a temperature of 3600 
F, which represents an extreme case. For comparison purposes 
the sensible heat, the heat of dissociation, and the total enthalpy 
were determined in two ways. In one, the sulphur compounds 
were considered separately, and in the other, SO, was combined 
with COs. 

In these trial calculations it was assumed that the following 
additional constituents would be present 


S02, SO;, Sz, Ss, and H.S 


The partial pressures of these five constituents may be related 
to the previously defined system by four equilibrium equations. 
The equilibrium constants and heats of reaction for these reactions 
were derived from data published by Kelley (19). Since extrapo- 
lation of the data was necessary over a fairly wide range, 
the values are not as accurate as those used in the main calcula- 
tions where SOz was not considered separately. Nevertheless, 
they are believed to be adequate to indicate the magnitude of 
errors introduced by combining SO, with CO:. 

Since five unknowns were introduced and only four new equa- 
tions were added, it was necessary to find an additional relation- 


ship to permit solution of the system. This was a mass-balance 
equation obtained from the atomic ratio S/O. The algebraic 
operations were similar to the technique previously described 
although they were somewhat more complicated. 

The results are shown in graphical form in Fig. 13. The one 
curve shows the per cent error in total enthalpy plotted against 
excess air. The other curve shows the approximate error that 
would be introduced in the flame temperature at 3600 F by in- 
cluding SOz with CO, in the enthalpy calculations. Since ex- 
treme conditions, with respect to sulphur content and tempera- 
ture, were assumed for these calculations, the actual error in 
application would be somewhat less than that shown in the 
figure. Therefore, it was concluded that the data reported in this 
paper can be applied without appreciable error when using sul- 
phur-bearing fuels. 


ILLUSTRATIVE EXAMPLES 


To illustrate the use of the plots the following hypothetical 
example will be solved. Suppose a certain fuel is burned under 
conditions to give a flue gas with Ra = 0.40, Re = 0.30, and Ry 
= 3.40. Assume also that the enthalpy of the products, due to 
the heat of combustion and to the sensible heat of the reactants, 
is 26,000 Btu per mol of wet undissociated gas. The adiabatic 
flame temperature is desired under these conditions of combus- 
tion. 

For the solution of this problem refer to Fig. 4, which shows AH 
as a function of Rc and Rx at Rx = 3.6 and a temperature of 3000 
F. Starting on the abscissa at Rc = 0.30, a vertical line is fol- 
lowed until it intersects with the curve for Ru = 0.40. From 
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Fig. 11 Toran H or Five Gas at Equitiprium as A FuncTion OF TEMPERATURE AND EntTHALPY AT 4000 F 
(Curves are applicable for all gas compositions within scope considered. For accuracy, see text.) 
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this point a horizontal line is followed to the left where a value 
of 227 is found on the AH-scale. This value corresponds to a 
value of 3.60 for Ry. The horizontal line is continued to the left 
until it intersects the curve for Ry = 3.40. Reading the abscissa 
at this point gives a correction, 6, of 4 to be added to obtain AH at 
Ry = 3.40. Adding this correction to the value 227 previously 
determined gives AH = 231 Btu/mol of wet undissociated gas, 
at Ry = 3.40, Ru = 0.4, Rc = 0.3, and T = 3000 F. The sensible 
heat of the undissociated gas is calculated in the usual way and 
found to be 25,336 Btu/mol of wet undissociated gas. Adding the 
two values gives a total enthalpy of 25,567 Btu/mol. 

This process is repeated at the same gas composition and at one 
or more additional temperatures, for example 2800 and 3200 F. 
The total enthalpy is then plotted against the assumed tempera- 
tures and a curve similar to that in Fig. 14 is obtained. By in- 
terpolating this curve, a temperature of 3040 F is found where 
the total enthalpy of the gas is 26,000 Btu/mol. Since this is the 
amount of heat added to the system, the value of 3040 is the 
adiabatic flame temperature. 

The same problem may be solved somewhat less accurately by 
means of Figs. 10 and 11. Fig. 10 gives the enthalpy at 4000 F for 
any composition, and Fig. 11 gives the enthalpy at any tem- 
perature if the enthalpy at 4000 F is known. Starting at the 
value 0.30 on the Rc-scale in Fig. 10, a horizontal line is followed 
to the left until it intersects with the curve for Ra = 0.40. From 
this point a vertical line is followed in an upward direction until 
it intersects with the Rx-parameter of 3.4. Tracing a horizontal 
line from this point to the left ordinate gives a value of approxi- 
mately 38,800 for the total enthalpy at 4000 F. In Fig. 11 a 
horizontal line is followed from the enthalpy value of 26,000 on 
the left ordinate to a point corresponding to a value of 38,800 in- 
terpolated between the two parameters that terminate at 38,000 
and 40,000 on the right ordinate scale. Moving down a vertical 
line from this point, a flame temperature of about 3050 F is found 
on the abscissa. It should be noted that the good agreement be- 
tween this value and the temperature of 3040 found by the other 
method is merely fortuitous for this particular set of conditions 
and does not necessarily reflect the general accuracy of the plots 
in Figs. 10 and 11. 

If solid products of combustion are present in the gases in the 
foregoing examples, it will be necessary to determine their sensible 
heat at the temperature that was obtained. The value should 
then be deducted from the total enthalpy of the system to obtain 
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the enthalpy of the gaseous products and a new temperature de- 
termined from the charts. This process may be repeated to ob- 
tain tl{e degree of accuracy desired. 

Actual flame temperatures under nonadiabatic conditions are 
sometimes estimated by assuming that a certain percentage of 
the heat energy is lost to the surroundings before the heat-release 
process is completed. The data in this paper will permit such 
estimates. If, in the exampie cited, it is assumed that 5 per cent 
of the heat energy is lost to the surroundings, the enthalpy of the 
products will be 24,700 instead of 26,000 Btu per mol of wet un- 
dissociated gas. From Fig. 14 it is found that the actual flame 
temperature would be about 2915 F at these conditions. 


SUMMARY AND CONCLUSIONS 


Enthalpy data were calculated for gaseous combustion prod- 
ucts for various gas-composition and temperature values within 
the range expected when burning coal, coke, and liquid and gase- 
ous hydrocarbon fuels with air at atmospheric pressure and at 
fuel-to-air ratios ranging from stoichiometric conditions to 100 
per cent excess air. These computations were carried out on a 
generalized basis so that adiabatic flame temperatures for any 
combustion process within the scope considered can be deter- 
mined readily if the composition and enthalpy of the products of 
combustion are known. This technique was chosen especially to 
avoid limiting the application of the results to specific fuels, fuel- 
to-air ratios, or preheated-air temperatures. 

Plots of the heat of dissociation at equilibrium were presented 
for 198 gas compositions at 9 temperature levels from 2400 F to 
4000 F. By means of these plots it is possible to determine adia- 
batic flame-temperature values that are accurate within +20 deg 
F. The major source of this error lies in the limit of precision of 
interpolating from the plots of heat of dissociation, particularly 
in the region of the stoichiometric boundary or zero excess-air 
values. 

Although these plots of heats of dissociation enable flame tem- 
peratures to be obtained with a satisfactory degree of accuracy, 
the method suffers from an inherent disadvantage in that addi- 
tional calculations for the sensible heat of the gas and auxiliary 
plotting are necessary to arrive at the final solution. To obviate 
this difficulty, when a rapid estimate is needed, two additional 
plots were prepared in a simplified form which give total enthalpy 
of the gas system at any temperature, or conversely, give the 
flame temperature directly if the enthalpy of the system is 
known. However, this convenience in use was obtained only at 
the expense of decreased accuracy. Calculations show that errors 
as great as +75 deg F may result from using these two plots of 
total enthalpy. Since the major part of the error is introduced by 
the plot that relates enthalpy at any temperature to the corre- 
sponding value at 4000 F, it appears that improved accuracy 
would be obtained by constructing a separate total enthalpy plot 
at each temperature leva], as was done for the heat of dissociation. 
However, limitations on time and space do not permit including 
such plots in this paper. 

Although only the four components, CO2, H2O, Oz, and No, of 
the gaseous system were considered in this investigation, it is un- 
likely that minor elements in the fuel or air would alter the results 
appreciably. Several exploratory calculations showed that in- 
cluding SO, from a high-sulphur coal with the CO, in the flue gas 
introduced an error of less than 10 deg F in the flame temperature 
at extreme conditions of temperature and composition. 

The data obtained during the course of this investigation will 
find specific application in the correlation of furnace heat-absorp- 
tion efficiencies, as well as general application in determining 
flame temperatures of combustion processes in furnaces. 

It is proposed to publish the results in both tabular and 
graphical form in greater detail in a Bureau of Mines Report of 
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Investigations in the near future. It is planned to include equi- 
librium compositions as well as heat of dissociation and total 
enthalpy. In the meantime it is possible that simplified empirical 
relationships may be developed to facilitate interpolation and to 
represent the data more accurately than is possible with the plots 
presented in this paper. Such development would be a worth- 
while contribution, whether it is made by the Bureau of Mines or 
other investigators interested in this field. 
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Discussion 


Vicror Pascukis.6 Although the writer does not work in the 
field discussed in the paper, he has frequent need to know or 
estimate flame temperatures. Heretofore he has used the work 
by P. Rosin and R. Fehling.* Rosin started his consideration 
from a statistical finding that there is a linear relationship be- 
tween the required air in cubic feet per pound plotted against the 
lower value of the fuel. 

Not having followed the literature on flame temperatures care- 
fully, it may be there is a publication eliminating Rosin’s concept. 
If not the writer believes that the paper would stand to gain if 
it would show the superiority of the new concept over Rosin’s 
procedure. 


Avutuors’ CLOSURE 


Dr. Paschkis calls attention to the work of Rosin and Fehling, 
Although their work 
was more comprehensive than the present investigation, it was 
less detailed and less accurate, owing to the necessity of making 
simplifying assumptions. It was a remarkable accomplishment 
considering its wide scope and the calculating equipment availa- 
ble at that time. However, with the general availability of 
automatic computing machines, the authors believe they have 
achieved results that are more accurate over a wider range of 
conditions and with much less expenditure of effort. Moreover, 
more accurate thermodynamic data were used in this investi- 
gation than were available at the time of Rosin and Fehling’s 
work. 

It is true, as mentioned by the discusser, that Rosin and 
Fehling showed an approximate linear relationship between the 
theoretical air requirements and the calorific value of various 
fuels. The explanation of this relationship is given by Kay.’ 
He notes that in burning stoichiometric mixtures of fuel and air, 
the amount of heat obtained per unit volume of air used is al- 
most identical when burning either carbon or hydrogen. These 
are very useful relationships particularly since they permit many 


which was not considered in this paper. 


‘Director, Heat & Mass Flow Analyzer Laboratory, Columbia 
University, New York, N. Y. Mem. ASME. 

¢“Tt-Diagram of Combustion (Das It-Diagramm der Verbren- 
nung),”’ by P. Rosin and R. Fehling, VDI-Verlag, Berlin, Germany, 
1929. ‘‘Waste Heat Recovery From Industrial Furnaces,” by 
P. Rosin, Chapman and Hall, London, England, 1948. 

7 “Simplified Methods of Combustion Calculations,’’ by H. Kay, 
Journal of the Institute of Fuel, vol. 9, 1936, pp. 312-322. 
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combustion calculations without requiring fuel analyses. How- 
ever, they bear only indirectly on the calculation of flame tem- 
peratures. They are used in calculating the enthalpy of the 
combustion products, which is a preliminary step in the flame- 
temperature calculations. This preliminary step was not con- 
sidered in the present work, since it was assumed that the en- 
thalpy data would be readily available, or could be calculated 
accurately by mass and heat balances, or approximately by some 
method such as that in the reference cited. 

The primary objective of this work was to present data for use 
in calculating the adiabatic temperature of the flue gas after the 
enthalpy has been obtained. It therefore has a function similar 
to that portion of Rosin and Fehling’s work concerned with the 
so-called i-t diagram. In this diagram the enthalpy 7 of the flue 
gas is plotted as a function of temperature ¢ with excess air as a 
parameter. The basic assumption in constructing this diagram 
is that the mean specific heat of the products of combustion from 
a stoichiometric mixture is nearly independent of the fuel. Al- 
though it is true that the products will consist largely of nitrogen 
when air is used for combustion, sufficient water vapor and 
carbon dioxide will be present to give a noticeable difference in 
the specific heat of the mixed gases when different fuels are 
burned. For example, the products of combustion of a stoichio- 


metric mixture of methane and air will have a mean specific heat 
approximately 1.4 per cent lower than that of the products from 
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carbon and air at a temperature of 3600 F, above a reference 
temperature of 80 F. 

Ostensibly, the effect of dissociation of CO, and H:O was 
included in the 7-t diagram. However, the heat involved in these 
reactions is not independent of the fuel but will vary with the 
relative amounts of carbon and hydrogen burned. Moreover, 
other equilibrium reactions have a significant effect on the en- 
thalpy of the gases, particularly when excess air is present. 
Other uncertainties, such as the amount of moisture present in the 
fuel or air might also affect the accuracy of the diagram. Thus 
in extreme cases the differences due to different fuels might be 
greater than 1.4 per cent. 

The 1.4 per cent value compares favorably with the calculated 
error inherent in the condensed Fig. 11 of this paper. However, 
it was recommended that Fig. 11 be used only for approximate 
solutions and for more accurate work the detailed individual 
plots should be used. It is believed that gas analyses are suffi- 
ciently accurate to permit such refinements. 

Although the authors concede that the 7-t diagram is a simpler 
approach than Figs. 10 and 11 of this paper, their chief interest 
was in the more rigorous approach which gave the data in Figs. 
1 to 9. These data can be applied more accurately to specific 
gas compositions because no simplifying assumptions are in- 
volved. This approach would have been impracticable for 
Rosin and Fehling, owing to the limits on calculating facilities 
available at the time of their work. 
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In-Service Washing of Ljungstrom Air 
Preheaters on Pulverized Coal-Fired 


Steam Generators 


By H. J. HUPFER,' R. J. STANLEY,? ano A. H. VAN SICKLE?* 


The St. Clair Power Plant of The Detroit Edison Com- 
pany has experienced difliculty with air-preheater fouling 
caused by flue-dust deposits on the cold-end surface. 
Removal of these deposits by the conventional out-of- 
service washing technique has not been satisfactory, point- 
ing up the need for an effective method of in-service wash- 
ing. This paper includes a discussion of the equipment 
and methods used, and the results obtained from 11 in- 
service washings‘ of air preheaters at the St. Clair Plant. 
The known factors responsible for the success or failure of 
in-service washing also are discussed. 


HE present St. Clair Plant of The Detroit Edison Company 

consists of four boilers and turbines arranged on the unit 

system. Each of the two General Electric and two Allis- 
Chalmers cross-compound turbogenerators has a guaranteed 
capability of 156,250 kw with initial steam condition of 1800 psig 
1000 F with reheat to 1000 F. Steam is supplied by four iden- 
tical Babcock & Wilcox pulverized-coal-fired steam generators 
rated at 1,070,000 pounds of steam per hour burning strip-mine 
coal with an average sulphur content of three per cent. These 
units normally are operated at rated load a large percentage of the 
time. 

Prior to the construction of the St. Clair Plant, there was a total 
of 24 Ljungstrom air preheaters in operation in the Edison 
system. These served 12 pulverized-coal-fired steam generators 
rated at either 440,000 or 660,000 pounds of steam per hour. 
Some of these units were fired with southern deep-mine coal 
containing one per cent sulphur and the others burned strip- 
mine coal containing three per cent sulphur. Average cold-end 
temperatures ranged from 190 to 220 F and washing was required 
once every one to two years. In short, operating experience had 
indicated that previous designs had been slightly conservative and 
that future designs could be based on lower exit-gas temperatures 
without affecting unit availability. The basic objectives under- 
lying the selection of Ljungstrom air preheaters for the St. 
Clair plant and the design of cold-end protection were three- 
fold. 


'Technical Engineer, The Detroit Edison Company, St. Clair 
Power Plant, St. Clair, Mich. Mem. ASME. 

2? Engineer Special Assignments, The Detroit Edison Company, 
Detroit, Mich. 

* Associate Engineer, The Detroit Edison Company, St. Clair 
Power Plant, St. Clair, Mich. 

‘In-service washing is defined as washing an air preheater while 
both air and gas are passing through the air preheater. 

Contributed by the Research Committee on Furnace Performance 
Factors and presented at a joint session of the Research Committee on 
Furnace Performance Factors and Research Committee on Corrosion 
and Deposits From Combustion Gases at the Annual Meeting, New 
York, N. Y., November 25-30, 1956, of Tue American Society oF 
MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, August 
24,1956. Paper No. 56—A-161. 


Arn PREHEATERS FOR THE St, CLAIR PLANT 


1 The air preheaters should be as large as possible to improve 
boiler efficiency and provide high-temperature primary air to the 
coal mills to aid in milling wet coal. 

2 The exit-gas temperature at partial loads should be high 
enough to prevent corrosion and plugging difficulties in the dust 
collector. 

3 The units should operate between annual overhauls with- 
out washing. 


With the foregoing objectives in mind, the St. Clair air pre- 
heaters were selected for a full-load exit-gas temperature of 
275 F with an average cold-end temperature of 195 F. Sufficient 
hot-air recirculation capacity was installed to maintain a 195 F 
average cold-end temperature with an ambient of 40 F. With 
outside temperatures below 40 F, outside air would be tempered 
with inside air to maintain the desired temperature of 40 F 
entering the air preheater. 

Shortly after the start-up of No. 1 unit, it was evident that the 
build-up of cold-end deposits was more rapid than anticipated, and 
the air preheaters could not be operated longer than six months 
without washing. The cold-end average temperature was 
increased to 200 F and all combustion air was taken from the 
building. 

In co-operation with the Air Preheater Corporation various 
methods were tried to improve the operation of these units. 
These methods were as follows: Increasing average cold-end 
temperatures to 210 F, increasing blowing air pressure, longer 
soot-blowing time, and increased air-heater rotor speed. Although 
the authors are certain that these changes improved the air-pre- 
heater performance, the improvements were not sufficient to 
meet the objective of one year of operation between washings. 

Washing in Service. Concurrent with the foregoing experi- 
ments, dirty air preheaters were cleaned, first by replacing cold- 
end baskets and later by washing baskets in place with the unit 
out of service. Although both methods were considered effective, 
they were time-consuming, inconvenient, and costly. The lack of 
success in reducing the formation of cold-end deposits and the 
difficulties of removing them by conventional means were the 
two factors responsible for developing the method for washing 
air preheaters in service. 

Although 11 air preheaters have been washed successfully in 
service, there still remains room for improvement, particularly 
in the procedure and arrangement of washing equipment. 
However, in the light of results obtained, we feel that the concept 
of in-service washing is basically sound and can be developed to a 
high degree of perfection. In addition to achieving the original 
objective of increased unit availability, this program holds 
promise of substantial gains in steam-power-plant economy. 
Existing units may be operated at lower stack temperatures by 
reducing cold-end protection and new units designed for even 
lower stack temperatures by installing more air-preheater sur- 
face. St. Clair Unit No. 5, a 325,000-kw reheat unit is now under 
construction. Provisions have been made in the design to 
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permit operation with a full-load exit-gas temperature of 240 F 
and average cold-end temperature of 160 F. Permanent facilities 
for washing the air heaters in service will be included. 


DESCRIPTION OF STEAM GENERATOR 
The St. Clair steam generators are pulverized-coal-fired reheat 
units manufactured by Babcock & Wilcox and rated at 1,070,- 
000 pounds of steam per hour, 1800 psig 1000F/1000F. The fuel 
burned is strip-mine coal. A typical analysis of the coal and fly 
ash is shown in Table 1. 


TABLE 1 Coat AND Fiy-AsH ANALYSES 
Fly-ash analysis 


Loss on ignition. . 


Coal analysis (as fired) 


100.63 
Each unit is equipped with two forced-draft fans, two induced- 
draft fans, two Ljungstrom air preheaters, a combination me- 
chanical-electrostatic precipitator, hot-air recirculation, and in- 
side and outside-air intakes. Fig. 1 is a diagrammatic cross- 
section of the steam generator. The air preheaters are size 24 
1/, VI 75 '/2 with gas flow in a downward direction. The 
heating element is arranged in three layers with provision for 
side removal of the cold-end layer. 
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Description OF HEATING ELEMENT 
Hot-end layer 36 in. NU 3.5-1.725 24 USG open-hearth steel 
Intermediate 27!/2 in. NU 3.5-1.725 24 USG open-hearth steel 
Cold-end layer 12 in. NF 6.00-0.00 18 USG alloy steel (Corten) 


Each preheater is equipped with a sequential air soot blower in 
the exit-gas duct and a manually operated combination air soot 
blower and water-washing device in the inlet-gas duct. The 
dust collector consists of a mechanical collector of the multiclone 
type followed by an electrostatic precipitator. Fig. 2 is a gas- 
air circuit diagram for the unit. 


Ovut-oF-SERVICE WASHING 


The purpose of this portion of the paper is to acquaint the 
reader with the air-preheater problem at the St. Clair Plant. 
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St. Clair Unit No. 1 was placed in service in August, 1953. By 
January, 1954, five months later, air-preheater draft loss had 
increased sufficiently to reduce seriously boiler capability owing 
to induced-draft-fan limitations. The unit was shut down for 
two days and the cold-end baskets replaced with another set. 
Total cost of the outage was approximately $10,000 including 
labor and coal-pile loss resulting from operation of less efficient 
units. The high cost of this outage was instrumental in the 
installation of a complete washing system for washing baskets in 
place. The draft loss following this outage is shown in Fig. 3 
which is a curve of air-preheater draft loss versus time. (Un- 
fortunately, draft-loss data were not taken prior to this outage.) 
The objections to this washing procedure stem from the length 
of shutdown and manpower required. Although provision for 
side removal of the cold-end baskets was provided, the placement 
of the air preheaters is such that handling of the baskets is 
difficult. 

In June, 1954, five months later, unit capability was again 
reduced by air-preheater fouling. The unit was taken out of 
service and the air preheaters washed in place with the new wash 
system. Fig. 4 shows the arrangement of the washing device and 
duct drains. The results of this and 14 subsequent out-of- 
service air-preheater washings on all four units are shown in 
Fig. 3. Experience has shown that when the air-preheater 
draft loss increases above design the rate of increase becomes very 
rapid. In addition, the induced-draft-fan capacity allows very 
little margin for increased draft loss through the air preheaters. 
Therefore, it has been necessary at times to wash air preheaters 
prematurely to assure continued operation through critical-load 
periods. 

The data shown in Fig. 3 indicate that washing baskets in 
place is effective; however, the mechanical difficulties encountered 
with this system were many. Referring to Fig. 1, it may be seen 
that there are no dampers on either side of the air preheaters. 
On several occasions vapor from the hot wash water was carried by 
convection through the economizer, convection superheater, and 
boiler, finding its way into the boiler penthouse, shorting out the 
superheater-tube thermocouples used for start-up. 

It also was found that vapor condensing on the economizer 
would plug the flue-dust-economizer hoppers and the flue-dust- 
removal system with wet fly ash. Any attempt to reverse the 
flow of vapor by manipulation of dampers merely transferred the 
plugging problem to the dust.collectors. Washing down the 
outdoor dust-collector hoppers and flue-dust system in freezing 
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temperatures was far from satisfactory. Another difficulty 
encountered was the possible unbalance of the forced-draft-fans 
caused by removal of fly-ash deposits from one side of the fan 
rotor by water carry-over on the air side. It was necessary on 
several occasions to wash the forced-draft fans before the unit 
could be placed in operation. The approximate cost of cleaning 
air preheaters by the out-of-service method was $500. 


In-SeRvICE WASHING 
In searching for a better method of cleaning air preheaters, in- 
service washing seemed to offer the best possibilities. However, 
the introduction of water into the gas-air circuit of an operating 
steam generator presented many problems. At a meeting with 


the manufacturers of the St. Clair air pre-heaters and dust 
collectors, it was generally agreed that washing on the air side 
held the most promise for success because it would reduce the 
possibility of water entering the dust collector to a minimum. 
Based on the decision to wash on the air side, a washing pro- 
cedure was set up and a complete washing system was installed 
on the air side of the air preheater as shown in Fig. 5. The new 
equipment consisted of wash nozzles above and below the air 
preheater and a collecting hopper and drains in the inlet-air duct. 
A drip ledge was installed to prevent water from running down 
the upper side of the duct into the forced-draft fan, and a drain 
opening provided in the fan scroll. 
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The hand-operated lance-type washing devices were fitted with 
two nozzles each, to limit the travel to one half the radius of the 
air-preheater rotor. Although the use of two nozzles would cut 
the washing time in half, it required the introduction of twice as 
much water into the air stream. The upper nozzles were 
fabricated from one-inch pipe, and the lower nozzles from three- 
quarter-inch pipe. Fig. 6 shows the relative position of the upper 
and lower wash nozzles. The function of the lower nozzles, 
which are located at the cold end of the air preheater, is to 
remove the cold-end deposits. The upper nozzles were installed 
only to provide a flushing action to eliminate the possibility of 
any loose deposits remaining in the air preheater. The two sets 
of nozzles were placed 6 inches apart in the direction of rotation 
of the air preheater so that the washing action of the lower 
nozzles would precede the flushing action of the upper nozzles. 

With this washing equipment installed, it was decided to 
wash the south air preheater of No. 2 unit just prior to the annual 
boiler inspection. This would afford an opportunity for in- 


spection to determine the results of the in-service washing and if 
difficulty was encountered the boiler outage would provide time 
for the repair or cleaning of the equipment. 


In-SERVICE WASHING PROCEDURE 


The following procedure was used for the first in-service 
washing which was performed on the south air preheater of 
No. 2 unit in July, 1955. 


1 The unit load was lowered to 50 mw, approximately one- 
third load. 

2 Superheated-steam pressure and temperature were reduced 
to 1200 psig and 800 F with the intention of reducing the gas 
temperature entering the air preheater to 450 F. 

3 The south air-preheater rotor speed was reduced to one- 
half rpm using the air-motor drive. 

4 The south forced-draft fan was placed on hand control and 
the speed reduced to provide an air velocity of 600 fpm in the 
entering-air duct. The north forced-draft fan was left on auto- 
matic control and its speed automatically adjusted to provide the 
proper amount of combustion air to the unit. 

5 The south induced-draft-fan speed was increased and that 
of the north decreased in a ratio of 2 to 1 in an attempt to increase 
the gas flow through the south side of the dust collector. 

6 The flue dust-transport system was operated continuously 
during the washing procedure. 

7 The electrostatic precipitator remained energized through- 
out the washing period with the idea that a flashover would give 
warning of excessive water vapor in the dust collector. 

8 The south hot-air recirculating dampers were closed and 
the north dampers opened sufficiently to maintain an average 
cold-end temperature of 200 F. 

9 Manometers were installed across various sections of the 
dust collector and across the air and gas side of the air preheater. 
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The south air preheater was washed for a total of 43/, hr 
making three passes across the air preheater. One pass con- 
sisted of moving the nozzles radially once across the heating 
element at the rate of one inch every two minutes. With the air 
preheater turning at the rate of one half rpm the resultant 
motion of the wash nozzles across the surface was one inch per 
revolution. This conservative rate was picked to assure complete 
coverage of the heating surface. 

The wash water used was untreated river water heated to 
100 F with a pH of 7. Water flow and pressure to the upper 
nozzles was 40 gpm at 18 psig and to the lower nozzles, 50 gpm at 
28 psig. The effluent during the first pass had a pH of 1 while 
during the third pass the pH had increased to 4.5. Following 
this in-service washing procedure, the washing of the south air 
preheater of No. 2 unit was completed without incident. 

After the washing was completed the air soot blower was 
operated to remove any remaining loose deposits. The unit was 
returned to normal and the load increased to maximum for a 
period of seven hours before the unit was taken out of service. 
Shortly after the shutdown the north preheater was washed out of 
service in a manner similar to the south except that cold water 
was used due to a leak in the water heater. Subsequent in- 
spection of the unit revealed that the south preheater, which was 
washed in service, was completely clean whereas the cleaning of 
the north preheater was very poor. There was no evidence of 
water in the dust collector or preheated-air ducts; however, 
piles of caked fly ash were found on the floor of the exit-gas duct. 
Dry fly ash normally deposited at this location had been wetted 
by water carry-over to the gas side and later dried out during 
operation. Although both preheaters were relatively clean 
before washing, the marked contrast in the results indicated that 
in-service washing might prove to be more effective than other 
washing techniques. 

Using the knowledge gained from the experience just outlined, 
a total of ten more air preheaters have been washed in service and 
the results are shown in Fig. 3. Several variations in the pro- 
cedure have been tried with the intention of improving and 
simplifying the in-service washing operation as described in the 
following: 

Washing Two Air Preheaters Simultaneously. From the stand- 
point of the total time required it would be desirable to wash 
both air preheaters simultaneously. To accomplish this would 
require balancing of the flows through both forced and induced- 
draft fans. This was attempted on one occasion and immediately 
after adjusting the fan speeds the quantity of drains from the 
exit-gas duct doubled and there was evidence of water leaving the 
multiclone collectors. The higher velocity air in the entering- 
air duct entrained the wash water falling from the heating 
elements and carried it back into the air preheater. This 
caused wetting of the entire cold-end surface resulting in in- 
creased carry-over into the gas side. 

Increased Superheated-Steam Temperature and Pressure. 
During the first in-service washing the lowest temperature of 
gas entering the air preheater obtained by reducing steam pressure 
and temperature was 485 F. With normal steam conditions at 
the same load, the gas temperature is 525 F. Because of the 
time required and the small reduction in gas temperature, the 
procedure of decreasing steam temperature and pressure was 
discontinued. 

Increasing Rotor Speed. On one occasion the air-preheater- 
rotor speed was increased to one rpm to shorten the washing 
time. Water carry-over into the dust collector immediately 
increased and the rotor was slowed down to one half rpm to 
correct the condition. 

Wash-Water Temperature. 
and 180 F have been tried. 


Water temperatures between 60 
Experience has shown that the use 


220 

SECTOR PLATE 

sess 

ony 

AIR 
; SIDE io" 

1 

| 


JANUARY, 1958 


of cold water increases the washing time and the amount of 
water carry-over to the gas side. 

Draft Measurements. On several in-service washings draft 
measurements were taken in an attempt to follow the progress of 
the washing. However, due to the low gas and air flows the 
draft measurements were meaningless and were discontinued. 

Rate of Moving Wash Nozzles. Wash-nozzle traverse rates of 
one inch every two, four, and eight minutes have been tried. 
Results indicate that the rate of one inch every two minutes is 
most effective. 

Balancing of Induced-Fan Speeds. During an_ in-service 
washing that was started with the induced-draft-fan speeds 
unbalanced, the fan speeds were equalized. There was no 
evidence of any adverse effects and the practice of unbalancing 
the induced-draft-fan speeds was discontinued. 

Hot-Air Recirculation. The amount of hot-air recirculation 
was varied on several occasions. It was felt that the use of 
hot-air recirculation would increase the temperature level at the 
cold end of the air preheater, reducing water carry-over into the 
Experience has substantiated this theory. 

Washing Time. Washing times ranging from six to ten hours 
have been investigated. Fig. 7 shows the appearance of the 
cold-end elements of No. 4 unit after six hours of washing. 
Fig. 8 is a similar view of the cold-end elements of No. 3 unit 
It can be readily seen that the 
increased washing time used on No. 3 unit produced a more 
Fig. 9 is a typical view of the hot-end 


dust collector. 


after ten hours of washing. 


satisfactory cleaning. 


APPEARANCE OF ELEeMENTs oF Unit No. 4 Arr 
6 Hr or WASHING IN SERVICE 


AppeARANCE oF Co.p-ENp ELements or Unit No. 3 AFTER 
10 Hr or WASHING IN SERVICE 


Fic. 9 Typicat View or Hot-Enp ELements Arter IN-SeRvVICE 
WASHING 


elements showing that no fouling of the hot-end surface took 
place during in-service washing. 


RECOMMENDATIONS 


Experience gained during the in-service washing of the 11 air 
preheaters has established one basic requirement which in the 


opinion of the authors is of utmost importance. We believe that 
if a successful in-service washing is to be obtained, it is imperative 
that the entire air-preheater surface be kept dry except for the 
narrow annular band being washed. This is important because 
failure to do so will increase drastically water carry-over and the 
amount of fly ash depositing on the wet elements not being 
washed. 

The following recommendations therefore apply where the 
equipment is arranged similar to that of the St. Clair Power 
Plant: 

Wash Nozzles. Wash nozzles should be located on the air 
side both above and below the air preheater. Fig. 5 shows the 
present location of the wash nozzles as installed at St. Clair. 
Although results have been satisfactory, it is believed that 
relocating the nozzles closer to the point where the rotating 
elements enter the air side would reduce water carry-over to the 
gas side. 

Rotor Speed. A rotor speed of '/, rpm during in-service 
washing is recommended with a maximum permissible rotor 
speed of '/2rpm. The purpose of the low rotor speed is to reduce 
water carry-over to the gas side. 

Air Velocity. Air velocity in the entering-air duct should be 
reduced to approximately 600 fpm to allow the wash water to 
fall freely to the bottom of the duct where it can be carried away 
by the drains. Excessive air velocity will cause the wash water 
to become entrained by the air stream and carried through the 
air preheater. 

Hot-Air Recirculation. Use maximum hot-air recirculation if 
possible to increase the air-preheater temperature level and 
reduce water carry-over to the gas side. 

Washing Time. Washing time must be varied in accordance 
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with the size and dirtiness of the air preheater to be washed. 
When using wash water with a pH of 7 it has been found that 
excellent results were obtained when the pH of the effluent had 
increased to 5 from a value of about 1 at the start of washing. 

Wash Water. The recommended quantity, pressure, and 
temperature are as follows: 


Flow, Temp, 
deg F 
180 


180 


Pressure, 
psig 

Upper nozzle (each) 18 

Lower nozzle (each) 28 


It is our opinion that alkaline treatment of the wash water is 
not necessary. Units Nos. 1 and 2 have been subjected to a 
total of six air-preheater washings using untreated wash water 
and no appreciable thinning of the elements has been found. 


CONCLUSIONS 


It is our opinion that in-service washing is a practical approach 
to the problem of cleaning air preheaters. In-service washing 
provides a means for increased unit availability and improved 
boiler economy. As a result of our success with the in-service 
washing program the average cold-end temperature of one St. 
Clair unit has been lowered from 200 to 180 F on a trial basis. 

In addition, permanent facilities for in-service washing are 
being incorporated in the 260-mw River Rouge Units Nos. 1 and 2 
and the 325-mw St. Clair Unit No. 5 now under construction. 
These units are designed for operation with normal average cold- 
end temperatures of 200 F with provisions for reducing the 
average cold-end temperature te around 160 F. 

Although to date we have not attempted in-service washing of 
vertical (cold end on top) air preheaters, we believe the vertical- 
type air preheater can be washed in service perhaps even more 
readily than the vertical inverted (cold end on bottom) air pre- 
heaters. To substantiate this theory plans are being made to 
try in-service washing of a vertical air preheater at another 
Detroit Edison plant as soon as possible. 


Discussion 


G. W. Bice.’ The authors and their company are to be 
congratulated on taking the lead in developing a satisfactory 
procedure for cleaning Ljungstrom air preheaters without the 
necessity of costly boiler outages. One of the outstanding 
advantages of the .regenerative-type preheater has always been 
the ease and speed with which it could be cleaned, compared to 
other types of air-preheating equipment. If this new procedure 
can be applied universally to Ljungstrom heaters, this existing 
advantage will be considerably enhanced. 

The writer’s company has been studying the possibility of 
developing a somewhat similar cleaning procedure and equipment 
has already been ordered for three preheaters at one plant. The 
boiler to be used in this trial is equipped with three Ljungstrom 
heaters arranged in parallel, with provisions for dampering off 
each heater at the gas outlet and the air outlet. Tentative 
plans are to wash one heater at a time with these dampers closed 
and only damper-leakage flow passing through the heater. 
Boiler load will be held at approximately 70 per cent of maximum 
capability during the washing operation. Wash nozzles will be 
offset near the incoming side of the air zone, as suggested by the 
authors, and cold water with a pH of 11 will be used. It is 
expected that the relatively low temperature of the water will 
aid in removing deposits through temperature shock and that the 
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high pH, obtainable from the plant treating system, will mini- 
mize corrosion tendencies. 

A careful reading of the paper raises several questions which the 
authors may be willing to answer in their closure: 


1 Has the in-service washing had any adverse effect on either 
circumferential or radial seals? 

2 Has a wetting agent ever been tried in the wash water? 
There is evidence to indicate this may speed up washing time 
considerably during conventional out-of service cleaning. 

3 Are water pressures limited to 18 and 28 psi because of 
carry-over into the dust collector, drainage difficulties, or washing 
effectiveness? What difficulties or problems are associated with 
use of higher or lower pressure water? 


In designing new units in the future, in-service washing may 
make possible the use of considerably lower exit-gas temperatures, 
as the authors have pointed out. One possible drawback in this 
connection might be dust-collector pluggage. There are some 
indications that dust collectors may plug up under metal- 
temperature conditions considerably higher than considered safe 
in air-preheating equipment. Reasons for this are not fully 
understood and it is a subject which warrants additional investi- 
gation. 


G. D. Brappon.6 The authors have made a noteworthy 
contribution of vital concern to engineers responsible for the 
design and operation of power plants, particularly those charged 
with achieving high availability of the steam-generating unit. 

The success of the procedure employed at the St. Clair Steam 
Plant of the Detroit Edison Company in washing of their Ljung- — 
strom air preheaters while “in service’’ is attributable to recog- 
nition of the problems involved and to strictly following care- 
fully laid plans. 

The details of the procedure followed are suited to the proper- 
ties of that installation including the arrangement of ducts, fans, 
and dust collectors relative to the air preheaters; also, to the 
nature of the deposit and the facilities for washing available. 
For another plant, optimum results may require considerable 
variation in this procedure. For example, at St. Clair, according 
to Fig. 3 of the paper, washing is done after the draft loss increases 
less than 2 in. WG. Many operators allow greater build-up 
than this so that in such cases more washing may be required to 
remove it. 

The authors have demonstrated that the dust collectors can 
be kept out of trouble by washing on the air side and reducing to 
a minimum water and vapor carry-over to the gas side. To this 
end, the air ducting under the heaters should be designed to ef- 
fectively dispose of the spent wash water without imposing ad- 
verse effects on the performance of the forced-draft fan. Had 
‘in-service’ washing been contemplated in the design, the 
forced-draft fans and discharge ducts at St. Clair would have 
been more advantageously arranged. 

For removing bonded deposits such as often occur in the cold 
layer of the air preheater resulting from pulverized-coal-firing, 
strong scouring jets directed from the bottom, or cold end, 
have been found to be most effective, shortening the washing 
time appreciably below that required when washing from the hot 
end only. It is of utmost importance, however, to augment the 
scouring jets applied at the cold end by ample flushing from the 
upper or hot end to assure that loosened deposits thrust upward by 
the cold-end jets are completely purged from the heating-ele- 
ment matrix. Otherwise, deposits left in the hot or intermediate 
layers, subsequently to be dried out at a high temperature, 
may become cemented and their removal extremely troublesome. 


6 Assistant Chief Engineer, The Air Preheater Corporation, Wells- 
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The foregoing paragraph deals with washing vertical inverted 
(VI) heaters as are installed at St. Clair Steam Plant having hot 
end on top, and cold end on the bottom. Procedures for success- 
fully washing of heaters arranged for upward and horizontal gas 
flow differ in some important respects whether “in-service” or 
“out-of-service.”’ 

The authors report that this successful washing operation was 
accomplished with 50 gpm from the upper two flushing nozzles and 
40 gpm from the lower two scouring nozzles. These quantities 
are relatively low in comparison with the flow requirements we 
have found to be advantageous. While satisfactory cleaning 
was achieved in this case, we believe that, in general, it would be 
unwise to base wash-water requirements on quantities of the 
order recommended by the authors. 

We agree with the authors’ recommendation that wash water 
be heated; the optimum temperature being determined by 
experience. In general, we question the benefit of heating it 
above 150 F. 

The accomplishment of a thorough washing job without 
alkalizing or other treatment checks our experience. It does 
not follow, however, that treatment of the wash water is never 
beneficial. 

The fact that the north heater which was washed during the 
outage was not found thoroughly free of deposit should not be 
taken as evidence that out-of-service washing cannot be success- 
ful. It is probable that the use of cold water to wash out-of- 
service was responsible for the relatively poor results compared to 
those realized from the in-service washing done with heated 
water. 

As one of their recommendations, the authors pronounce a 
requirement they consider of utmost importance. They believe 
the entire body of heat-transfer surface must be kept dry except 
for the narrow annular bands being washed if a thorough cleaning 
job is to be realized. We believe this requirement works in 
favor of the dust-collecting equipment, but we believe it has 
little, if any, effect on the ultimate cleanliness achieved. 

The authors have established a firm basis for their conclusion 
that in-service washing is practicable and affords means of 
increasing availability of the steam-generating unit when deposit 
accumulation during normal operation cannot be controlled by 
soot blowing alone. 


W. A. Potiock.?” As at St. Clair, in-service washing of the 
Ljungstrom air heaters at Oak Creek Station of Wisconsin 
Electric Power Company was necessary early in its operating 
history. Inadequate hot-air-recirculating capacity and the 
resulting too-low metal temperatures on the cold end of the air 
heater while burning 3.5 per cent sulphur coal had resulted in 
excessive deposits. 

Washing was done employing the soot-blower nozzle on the gas 
inlet, using 160 F water with an alkaline rinse to neutralize any 
deposits remaining on the surfaces. The air heater was restored 
to original cleanliness as shown by heat-transfer and pressure- 
drop data. 

Rather than continue with the clogging of the air heater and 
dust collector and the periodic in-service washing of this equip- 
ment, it was decided to install steam heaters in the forced-draft- 
fan suction to bleed steam from the low stages of the turbine and 
heat air enough always to insure metal temperatures in excess 
of 210 F. 

Some of the advantages of steam heating of the air prior to the 
air heater included, (1) less recirculation of hot air is required and 
effective fan capacity is increased, (2) dust, which carries back to 
forced-draft-fan suction by recirculation, is reduced and thus fan 
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wear is reduced and balance maintained, (3) a higher inlet-air 
temperature eliminates nearly completely the sulphur deposits 
in the air heater, and (4) properly chosen stage air heaters using 
steam bled from the later stages of the turbine can enhance 
station heat rate by lessening the loss to the condenser. The 
most significant demerit is the necessity to modify heating surface 
in the economizer and air heater. 

Preventing deposits is obviously the best way to preserve the 
heater surfaces. Our company has plate air heaters operating 
for over 30 years with essentially no metal wastage on the cold 
end. These heaters are served with adequate recirculating 
ducts. 

Milwaukee’s experience with alkaline treatment of surfaces 
apparently does not agree with Detroit’s. It has been our 
experience that new boiler and heater surfaces do not foul 
during early operation. Only when surfaces have been in service 
for a period of time do deposits occur. Alkalinizing boiler and 
furnace surfaces with lime slurry and air heaters with soda ash 
after washing during scheduled outages has deferred the beginning 
of deposits in subsequent operating periods. 


AvutTuors’ CLOSURE 


The authors wish to thank the discussers for their comments 
and questions which have considerably enhanced the value of 
this paper. 

G. W. Bice, in his discussion, mentioned that his company is 
making provisions for in-service washing of Ljungstrom air pre- 
heaters. He pointed out that the boiler selected for trial is 
equipped with three Ljungstrom air preheaters arranged in 
parallel with provisions for dampering off each heater during 
washing. Since the presentation of this paper, the authors’ 
company has undertaken in-service washing on River Rouge 
Unit No. 1 which also has three air preheaters arranged in paral- 
lel; however, no facilities for dampering off either the air or gas 
side were provided. Using the in-service-washing procedure as 
outlined in the paper, excellent results were obtained. The 
authors wish to point out that although dampers are definitely 
advantageous, they may not be essential to successful in-service 
washing if proper procedures are followed. 

In answer to Mr. Bice’s questions, we have not experienced 
any adverse effects on either circumferential or radial seals due to 
in-service washing. No wetting agents have been tried during 
in-service washing; however, extensive tests were previously 
conducted using various wetting agents and chemicals. Re- 
sults of these tests indicated that untreated hot water was most 
effective for the type of deposits encountered. The wash water 
pressures were limited because of drainage facilities. These 
drains are being enlarged to permit the use of higher pressures 
and flows. 

G. D. Braddon has brought up many interesting observations 
which should be of great value to those contemplating in-service 
washing. The authors are in complete accord with Mr. Brad- 
don’s statements with one exception. We believe that it is of 
utmost importance that the entire body of the heat-transfer 
surface must be kept dry except for the narrow annular bands 
being washed if a thorough cleaning job is to be realized. Al- 
though this requirement does work in favor of the dust collecting 
equipment, the primary objective was to prevent wetting of 
surfaces not being subjected to the washing action of the nozzle 
stream. If such wetting does occur, fly ash will adhere to these 
wet surfaces as they pass through the gas stream and reduce the 
effectiveness of the cleaning. This statement has been substan- 
tiated by actual experience. 

W. A. Pollock has discussed a well-known means of reducing the 
fouling of air-preheater surface by maintaining relatively high 
cold and metal temperatures. As pointed out in the paper, this 
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was tried at our St. Clair plant and proved to be unsuccessful 
even with cold-end metal temperatures as high as 210 F and there- 
fore the need for washing could not be eliminated. The Detroit 
Edison Company does not believe that raising cold-end metal 
temperatures is a sound economical approach to the problem. 
Instead, cold-end metal temperatures should be carried as low as 
possible consistent with reliable operation and a reasonable heat- 
ing element life determined on an economic basis. It has been 
established that the cold-end metal temperature can be sub- 
stantially reduced by in-service washing resulting in improved 
boiler efficiency. Therefore both steam air preheating of the 
combustion air and in-service-washing facilities are being provided 
on units now under construction. 

At the writing of this paper, the authors mentioned in the 
conclusions that plans were being made to attempt in-service 
washing of vertical (cold end on top) air preheaters. We wish to 
state here, for the record, that this has been done with very 
satisfactory results. 

The in-service washing was carried out on Conners Creek 
No. 16 steam generator which is equipped with two size 20'/2V 
66 vertical (cold end on top) air preheaters. The procedure 
followed was the same as that outlined in the paper with the 
exception that only one wash nozzle located at the top (cold end) 
was used. Fig. 10 shows the wash nozzle as actually installed. 
Fig. 11 and Fig. 12 show the cold-end elements before and after 
in-service washing, clearly indicating the degree of cleanliness 
obtained. Washing was done on the air side, where the air flow 
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is downward, the wash water flowing downward with the air and 
being collected in a horizontal run of the preheated air duct. 
Since the cold end was on top, the single nozzle stream performed 
both scouring and flushing actions eliminating the need for the 
second nozzle. 
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The Formation of Sulphuric Acid 
in Boiler Flue Gases 


By W. F. HARLOW,' DERBY, ENGLAND 


The discovery of the mechanism for the formation of 
sulphuric acid in flue gases of modern boiler plants by the 
process of surface catalysis, brought about by the heating 
surface over which the gases pass, was published some 
years ago. Notwithstanding the evidence put forward 
at that time, both from fundamental tests and operating 
plants, controversy on the question continues and little 
progress has been made in the suppression of this harmful 
product which is responsible for the deposit and corrosion 
on the boiler-plant surfaces and is, moreover, a very de- 
structive and undesirable contaminant of the atmosphere. 
This paper describes further work on the subject, including 
tests which leave the explanation in no reasonable doubt 
and shows the effect on the sulphuric-acid formation of 
various surface treatments of the heating surface—both 
metallurgical and chemical. 


INTRODUCTION 


HE PRESENCE of sulphur trioxide, or its compound with 

water, sulphuric acid, in the flue gases of modern boiler 

plants is now generally recognized as being responsible for 
the deposits and corrosion on the heating surfaces which have 
become increasingly troublesome in recent years. The reason for 
the formation of this very destructive product as compared with 
the less active and, as far as boiler plants are concerned, innocu- 
ous sulphur dioxide which normally results from the combus- 
tion of sulphur, is still a matter of considerable controversy. 

It is generally agreed, however, that in the history of boiler 
plants these troubles are of comparatively recent origin from 
which it follows that the sulphur trioxide is not an inherent prod- 
uct of combustion, otherwise it would have occurred in earlier 
plants. In 1929 when H. F. Johnstone (1),? acting on the conclu- 
sions previously published by J. F. Barkley (2), showed that the 
abnormal dew-point temperatures of the flue gases of certain 
boilers in Chicago were due to small amounts of sulphuric-acid 
vapor, its presence and the associated difficulties were the excep- 
tion rather than the rule.* Evidence of this was apparent in the 
low stack temperatures which were practicable with plants operat- 
ing in those years; in some cases within the author’s experience 
temperatures as low as 195 F were attained without serious dif- 
ficulty. In the search for the explanation for the sulphuric-acid 
production, this freedom of earlier plants is often lost sight of. 
Until the true explanation for this occurrence is recognized, effec- 
Combustion Products, Ltd. Mem. 
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ASME. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

3 Some of the boilers Johnstone tested were unaffected. 

Contributed by the Research Committee on Furnace Performance 
Factors and presented at a joint session of the Research Committee 
on Furnace Performance Factors and Research Committee on Corro- 
sion and Deposits From Combustion Gases, at the Annual Meeting, 
New York, N. Y., November 25-30, 1956, of Toe American Society 
or MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, August 
24,1956. Paper No. 56—A-159. 


tive corrective measures cannot be applied and this perhaps ex- 
plains the limited progress which has been made in the solution of 
corrosion and deposit problems over the years during which they 
have received close attention. 

In 1944 (3) and 1949 (4) the author published information 
which showed that, when flue gases were passed over heated 
rusted iron, a part of the sulphur dioxide normally produced from 
the combustion of sulphur, which is present in all natural fuels, is 
oxidized to sulphur trioxide by the process of surface catalysis to 
an extent dependent on the surface temperature; and that this 
action, although slight up to temperatures of 700 F, afterwards 
increased rapidly to a maximum at about 1100 F. Also, that 


when flue gases were passed over a series of tube specimens heated 
externally to the gradations in metal temperatures that exist in 
boiler plants, in descending order, sulphur trioxide could be 
formed in the hot zone and sulphuric acid condensed in the cooler 
zone. Separate experiments had shown that with a series raised 


to an initial temperature of 1050 F copious acid condensates were 
produced at the cool end; whereas with another series heated 
initially to a lower temperature of about 700 F the acid con- 
densate was insignificant. From this and other evidence from 
operating boilers, it was concluded that the reason for the sul- 
phuric-acid formation was due to the progressive increase in 
metal temperatures which had taken place in boiler design as a 
result of the advance in pressures and temperatures, particularly 
superheat. This conclusion was supported by statistics obtained 
from a large number of operating boilers which showed that there 
was a very definite connection between air-heater and economizer 
trouble and superheated-steam temperature. 

Notwithstanding the evidence referred to and the fact that 
the process of surface catalysis by heated iron oxide had been 
known and practiced commercially for nearly a century (in the 
now obsolete Mannheim process for the production of sulphuric 
acid from the combustion products of burning sulphur and sul- 
phide ores) this explanation has been disputed. It has been said 
that the matter is not proved to the satisfaction of all concerned; 
that the amount of sulphur trioxide formed in the boiler by 
catalysis of the heating surfaces, while admittedly occurring, is 
insignificant and that its principal origin is in the combustion 
process. 


FurtTuHer Tests 


The experiments just referred to were made separately, and 
some doubt may be justified as to whether the conditions were 
parallel in all respects other than temperature. A further test, 
therefore, was carried out recently to place this matter beyond 
dispute. As previously described, flue gases were taken from a 
small mechanically fired domestic boiler, Fig. 1, and were passed 
over two series of specimens arranged in parallel, so that a com- 
mon source of flue gas was used in each case. One series was 
raised to gradation in temperature having a maximum value of 
1000 F, while the other was heated to a lesser degree; namely, to 
a maximum temperature of 660 F. At the cool end, the tempera- 
tures were reduced to approximately identical levels. The gas 
velocities were equal and were comparable to those existing in 
the superheater passes of a modern boiler. Flue gases were passed 
for a total period of 260 hr, after which the specimens were 
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washed and the total acid on each estimated by precipitating this 
as barium sulphate, in the usual manner. Fig. 2 shows the 


average operating temperatures and the laboratory determina- 


tions for each specimen. 

These revealed that formation of acid on the cooler elements of 
the high-temperature series had occurred in almost a startling 
manner, whereas with the low-temperature series this was hardly 
noticeable; showing conclusively that the acid was produced by 
simply increasing the temperature of the heating surfaces over 


which the gas initially passed. The small amount of acid formed in 
the low-temperature channel can be accounted for by the reduced 
catalysis on these surfaces, or on the walls of the boiler furnace, 
but even if this is assumed to be formed in the combustion proe- 
ess—which is contrary to accepted knowledge of SO; equilibrium 
data and also to experience with large boilers—it is quite in- 
significant compared with that formed by the gases in their pas- 
sage across the high-temperature surfaces. 

These results should remove any remaining doubts on the 
mechanism of the sulphuric-acid production and serve to re- 
emphasize the findings previously published that the increase in 
the temperature of boiler metal has brought about the serious 
condition in which a modern boiler plant becomes also a sul- 
phuric-acid producer. The need for measures aimed at prevent- 
ing, or restricting this catalytic action, rather than those directed 
to avoiding the effects of the acid formed, which hitherto have 
occupied most attention, is imperative and for this reason a close 
investigation of the subject appears essential. Quite apart from 
the corrosive effect of the generated sulphuric acid on boiler 
plants, this product is obviously a most undesirable contaminant 
of the atmosphere, and its suppression would make a valuable 
contribution to the campaign for cleaner air in our large cities. 


Errect oN BorLer Deposits AND CORROSION 


When it is realized that sulphur trioxide, which combines with 
the water of combustion to form gaseous sulphuric acid, is 
liberated in the flues of a boiler in the manner these tests indicate, 
small surprise should be caused by the corrosion and deposit 
effects produced. Sulphurie acid is one of the most powerful 
acids known and will immediately attack many of the minerals 
in the coal ash and, at certain temperatures, the heating surface 
of the boiler system. Such attack depends largely on whether 
the resultant product can exist at the particular temperature; 
if the temperature is too high for this, the reaction cannot occur. 
For this reason, the iron of the superheater tube is not necessarily 
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APPARATUS FOR DETERMINING SULPHURIC-AcID FORMATION BY HEATED SURFACES 


attacked since iron sulphate cannot exist above 900 F, and the 
most effective surface temperature for sulphur trioxide production 
is above this figure. On the other hand, alkali sulphates can exist 
at much higher temperatures so that any alkali material in the 
ash is selectively deposited as sulphate, or sometimes, as a 
double sulphate with iron (5), causing the foundation for the 
troublesome deposits on the high-temperature surfaces. The 
sulphur trioxide not combined in this manner passes on to the 
economizer where other reactions with ash and metal occur; 
finally to the air heater where, in addition to combination, prema- 
ture condensation of the acid often takes place and this attacks 
the surface vigorously. If there are any chlorides in the fuel ash, 
the sulphurie acid will displace the hydrochloric acid, forming 
another corrosive agent so that a combination of sulphuric and 
hydrochloric acid has to be resisted in the cooler parts of the 
plant. Lead-coated elements which have successfully withstood 
sulphuric acid in the laboratory have failed entirely in practice 
due, no doubt, to the hydrochloric acid which is present. 

It is contended that the numerous and often complex reactions 
that proceed in the flues of a modern boiler suffering from deposit 
and corrosion troubles can all be traced to sulphuric-acid libera- 
tion in the flue gases, and that if the acid is prevented from form- 
ing, these troubles will disappear. Experience in Preston (4), 
England, and Narrangansett, R. I. (6) are examples where suc- 
cessful applications of this principle have been carried out. 

The question of how and where the sulphur trioxide forms is 
of vital importance to the boiler designer and user and, indeed, to 
the publie at large which has to live in the atmosphere into which 
power-station effluents are emitted. If this were an inherent 
product of the combustion process, then the position would be 
black indeed, but if on the other hand, it depends on operational 
and/or constructional conditions of the plant, then it should be 
possible to control its production and restore the acid-free condi- 
tions of earlier plants already referred to. 


CounTER MEASURES 


The serious effects referred to in the foregoing can be ex- 
pected to an increasing degree as further high-temperature 
plants are commissioned and the need for research into the matter 
is obvious. The subject of surface catalysis by iron oxide and 
other materials has been studied intensively in connection with 
sulphurie-acid manufacture, but since the object in this case has 
been its promotion, little information, if any, is available relating 
to its suppression, The author’s company has carried out a great 
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deal of work on this matter with a small-scale plant over the past 
few years and more recently has sponsored a laboratory research 
into the subject by the Birmingham College of Technology 
(England). Some of the results already have been given in the 
published information previously referred to. 

The obvious approach is to render the surface incapable of the 
catalytic activity which is the cause of the occurrence. Having 
regard to the need for dealing with new boilers, and also existing 
plants, two methods of surface treatments have been considered; 
namely, (a) metallurgical coatings, (b) chemical spraying. 

Using the same apparatus already described, many comparative 
tests have been carried out to determine the effect of surface 
treatments. This has necessitated hundreds of hours of testing to 
ascertain if and when the breakdown of the protection occurs. 
The procedure in these tests was to pass gases from a common 
source through the two channels in parallel; one containing un- 
treated specimens and the other holding those under test, Fig. 3. 
In all cases, the interior surfaces of the channels were treated in 
the same manner as the specimens, all untreated surfaces being 
initially sand-blasted. The gradation in temperature was main- 
tained the same in each case and substantially acid-free gases 
entering the apparatus from the boiler were ensured by checking 
the condensation effect on a glass tube cooled to a standard tem- 
perature. With flame impingement on the cast-iron furnace 
walls some acid could be formed in the boiler, particularly when 
this was badly fouled; in which case the boiler was shut down and 
cleaned before the tests were resumed. Since the flue-gas condi- 
tions were common, however, slight initial amounts of sulphuric 
acid in the gases did not substantially affect the differential re- 
sult. A constant quality of fuel was maintained, its sulphur con- 
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tent being increased to 3 per cent by the addition of ground rock 
sulphur. Flue gases were passed until the acid formed on the un- 
treated specimens was on the point of running off those worst 
affected, when the whole assembly was removed, the specimens 
washed off and the acid estimated in each case. After this, the 
troughs were washed and the tests resumed. 

(a) Metallurgical Coatings. A series of results obtained from 
specimens treated by the aluminum-ethyl silicate process is 
shown in Fig. 4. From these it will be seen that the treatment 
renders the surface practically inert for a period of 280 hr, after 
which it progressively deteriorates until at 1480 hr its advantage 
has disappeared completely. Photographs of certain of the 
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specimens before and after exposure are shown in Fig. 5. After 
breakdown, certain of the highly heated specimens exhibited a 
brown coloration due to iron oxide and in one or two cases the 
coating had flaked off revealing heavy oxidation beneath. 
Whether this failure resulted from penetration of the coating 
by the gases, or migration of the iron particles through the coat- 
ing, is not clear and is still under investigation. 

Many other sprayed metallic coatings on mild steel have been 
tested and, in addition, the chromizing process; also, dissimilar 
metals including stainless steel and copper. In all cases, there 
was an initial advantage which disappeared sooner or later, but 
in no case did the period of protection approach that of the 
aluminum-ethy! silicate process, described. 

The chromizing process by which the surface of the steel is 
converted to a stainless steel for a depth of 1/16 in., having a 
chromium content as high as 50 per cent at the surface, progres- 
sively diminishing to zero, showed initially a catalytic activity 
only one third that of the untreated steel; this advantage, how- 
ever, disappeared after 1475 hr exposure. The extended tests on 
this material, however, disclosed that this comparison was not so 
much due to the increase in activity of the chromized surface, 
which remained sensibly constant, as to the deterioration of the 
activity of the untreated steel. On checking this point on other 
tests of similar duration, this diminution of activity of untreated 
steel was found to be a general feature; during the first 100 hr the 
activity reaches a high figure which afterwards progressively 
diminishes until at 1000 hr it attains a reduced, but fairly constant 
figure of about one quarter of the maximum, Fig. 6. Tests of up to 
4000 hr, however, show that the activity persists at this reduced 
level and this phenomenon no doubt explains the fact sometimes 
observed in boilers of severe acid trouble during the initial stages 
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of commissioning which diminishes as the plant continues in 
operation, but unfortunately never disappears.‘ 

Stainless steel (Cr 20, Ni 13) although previously tested and 
reported as not being a solution to the problem, was, in view of 
its general use for superheaters in modern plants, again tested, 
this time in direct comparison with mild steel. For the first 186 hr, 
this showed a striking reduction in activity about '/1, of mild 
steel, but this advantage disappeared entirely at 400 hr and at 600 
hr its activity remained coincident. With a view to using bi- 
metal tubes, copper was tested by constructing one trough with 
its specimens in this material. It was found to exhibit catalytic 
activity similar to iron, although to a reduced extent, with the 
added disadvantage of scaling under the influence of the sulphur- 
bearing gases. 

(b) Chemical Spraying. Mention was made in previous publi- 
cations (4) of the inhibiting effects of small quantities of lime and 
soda and of the more persistent protection obtained by the latter 
material. To obtain a more definite comparison with untreated 
steel, tests were carried out in which one channel and its contents 
were lightly sprayed, in one case with milk of lime and the other 
with a solution of commercial soda ash. It was found that with 
the lime-coated specimens the inhibiting effect failed after 24 hr, 
whereas with the soda-ash treatment, this continued for 432 hr in 
one case and 556 hr in another (see Figs. 7 and 8). The acid pro- 
duction in the untreated channel during this extended period was 
so great that no chemical estimation to gage the effect was 
possible, or necessary, as the photographs will show; the un- 
treated channels in each experiment were both practically choked, 
whereas the treated channels were quite clear. 


‘In other cases there is a period of immunity before trouble com- 
mences—this depends on the initial surface condition of the tubes. 
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ACCELERATION Factor oF Test APPARATUS 
The rates at which the sulphuric acid is formed and condensed 
on untreated mild steel in the experiments described, particularly 
the striking corrosion effects shown in Fig. 8, are much greater 
than those which take place in a boiler system; in fact, were this 


not so, it is possible the effects might have taken so long to occur 
that they would have escaped notice. The conditions responsible 
for this acceleration which have been known for some time, have 
been maintained in order to expedite the investigation and are as 
follows: 


1 The CO, in the flue gases was maintained at 5-6 per cent 
and with the modern boiler operating at '*/,; per cent the SO; 
formation proceeds at a much lower rate, estimated from labora- 
tory experiments at '/;. This is undoubtedly due to the slower 
oxidation of the mild steel which is a prerequisite for catalysis to 
occur and possibly also, to a lower catalytic rate resulting from 
a smaller percentage of available oxygen. 

2 As previously mentioned, the initial rate of acid formation 
is very much higher than subsequently and this only appears to 
stabilize after about 1000 hr exposure; therefore, many of the test 
periods referred to are based on the initially high rate, whereas, 
in practice, we are concerned with a stabilized lower rate. 

3 The sulphur content of the fuel of 3 per cent is considerably 
higher than the average for British fuels which would be approxi- 
mately 1 per cent. 

For the foregoing reasons it is considered that the hours of 
duration for the tests described can be multiplied by the factor of, 
say, 5 to 10 to obtain their equivalent period in the normal 
operation of a boiler after its initial few months of steaming. 
Therefore, translating the hours of duration of the aluminum- 
ethyl silicate treatment described of 1480 hr into normal boiler- 
operating hours this might be equivalent to 14,800 hr in practice. 
Even this optimistic estimate would be inadequate because once 
the treatment had failed, it could not conveniently be replaced. 
Nevertheless, this coating has proved the most promising metal- 
lurgical treatment which so far has been tried and, with improved 
technique in spraying, the process may offer possibilities of a 
solution. 


An alternative method worth considering would be to spray 
all the high-temperature heating surfaces with soda-ash solution 
(after thoroughly cleaning the metal by washing) while the 
tubes are in a heated condition so that the liquid will evaporate 
If the acceleration factor of 10:1 were 
realized in this case, the treatment should last nearly 6000 hr and 
might, therefore, be sufficient to endure from one annual overhaul 
to the next. The results reported by Walsh (6) with lime lend 
support to this view. The coating on some tubes might become 
eroded by the gases, but whether this would occur to an extent 
that would nullify the results substantially remains to be seen. 
The replacement of such treatment, although a difficult matter 
Before it 
was realized that the soda-ash treatment was so persistent in its 


quickly on the surfaces. 


during operation, is not insuperable during shutdown. 


effects, arrangements were made and carried out at one plant, 
Preston (England), to apply this by means of the soot blowers 
every two or three days. This was accomplished successfully for 
some weeks without difficulty, but since the trouble had already 
been removed by other means, viz., the lowering of the metal 
temperature by modifications to air control and baffling, the 
method was found to be unnecessary and was abandoned. In 
another plant where this was tried, the method failed by the 
choking of the boiler with sodium sulphate owing to the reaction 
of the acid formed ahead of the superheater with the alkali. For 
this reason, it is considered that any surface treatment should be 
applied to all the boiler heating surface ahead of and including the 
superheater, as generator and furnace tubes often attain a tem- 
perature in parts higher than generally anticipated. This is 
evident from the deposits frequently found on such surface. An 
interesting effect observed in the foregoing experiments was the 
remarkable ability of the soda solution to disintegrate old de- 
posits both on tubes and in duct work—in one case a very large 
accumulation was released suddenly. 

It has been suggested that the inhibiting effect of treating the 
heating surfaces with alkaline materials is due chiefly to the 
water washing which is a prerequisite to the treatment in order 
to remove any accumulated deposits. The efficacy of water 
washing of boiler tubes, as advocated in the Bulletin of the 
Boiler Availability Committee of England (7), in retarding the 
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growth of deposits compared with other methods of cleaning is 
indisputable, because of the simple fact that clean tubes are 
inactive and do not become catalytic until they are coated with 
corrosion products. Since the tests shown in Figs. 7 and 8 were 
made in comparison with clean sand-blasted tubes, the advantage 
obtained by the process is obvious. 


EXTENT OF PROBLEM 

The percentage of sulphur dioxide which can be converted to 
sulphur trioxide by ferric oxide at the optimum temperature of 
600 C (1112 F) is about 75 per cent at which equilibrium for this 
temperature is reached. In practice, i.e., sulphuric-acid 
manufacture, 40-50 per cent is obtainable (8). 

The extent of the conversion in boiler flue gases has been 
clouded in uncertainty. Owing presumably to the inherent dif- 
ficulties in the gaseous analysis involved, investigators cannot 
agree on methods for carrying this out and their results vary 
widely. Johnstone (%) appears to have explored this matter ex- 
haustively and devised a method which checked within 5 per cent 
when known quantities of sulphuric acid were re-estimated. In 
tests reported in 1929 with boilers which had a general steam tem- 
perature of about 700 F, he found a figure of SO;/SO. = 2.8 per 
cent when burning a coal of 4.24 per cent S. Since that time 
steam temperatures have increased to 950 F and higher and the 
corresponding maximum metal temperatures have advanced say 
from 800 to 1050 F. The variation in sulphuric formation with 
temperature (3) is shown in Fig. 9 from which it will be seen that 
a fourfold increase in the conversion to say 11-12 per cent could 
be expected since Johnstone’s experiments. This figure, how- 
ever, may be an underestimate since only six years after John- 
stone's report, in 1935, Pearson, Nonhebel, and Ulander (10) re- 
ported as much as 10 per cent of the sulphur in coal was emitted 
as sulphur trioxide in power-station chimneys. Again making 
allowance for increase in metal temperature 20-30 per cent might 
be expetted today. Considering the great extent of catalytic 
surface with a temperature approaching the optimum figure 
which is present in a modern boiler, and the operating results of 
50 per cent from acid plants, this figure does not appear to be as 
unrealistic as at first sight—particularly when the appalling con- 
ditions of acid deposit and corrosion, which sometimes occur in 
boilers, are taken into account. 

Other investigators (11), however, have failed to find much 
more than a trace of sulphuric acid in flue gases, but their methods 
have been found unreliable by another (12). The validity of their 
results was based on their correlation with those deduced from 
dew-point temperatures, as indicated by the electrical dew-point 
meter. Rylands and Jenkinson (13) in their paper on the 
“Acid Dew-Point”’ have shown that this figure is a vague and 
unsatisfactory measurement (which conforms to the author’s 
experience) and moreover is not greatly affected by very con- 
siderable increases in acid content as Figs. 2 and 4 willshow. The 
futility of dew-point measurements is shown by the failure of this 
method to detect any difference in acid conditions of the flue 
gases at Preston (4) between the time when the deposition of acid 
was severe enough to prevent commissioning of the air heaters 
and when the trouble was removed as at present (14). It would 
seem that analytical methods depending on checks with dew- 
point temperatures only, can be disregarded. 

Apart from the many other possible sources of error in the 
methods of gas analysis adopted, it appears to the author that a 
very obvious loss common to all may be in the collection of the 
sample through a dust filter. The dust may easily retain some 
sulphur trioxide by absorption or combination, particularly if it 
is alkaline in character—which is often the case. 

In view of the importance of the subject both from the boiler 
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and atmospheric standpoint, a better knowledge of the acid 
content of flue gases seems imperative and the situation appears 
to call for a drastic re-examination. 

A more precise idea of the percentage of sulphur converted 
to acid enables a better evaluation of the practicability of addi- 
tives to the gases or fuels where these act as neutralizing agents. 
A boiler using 1000 tons of 2 per cent S coal per day in which 10 
per cent of the sulphur is converted to the trioxide would produce 
over 6 tons of sulphuric acid per 24 hr and correspondingly more 
with increased sulphur and conversion figures. This tonnage 
would require a very considerable quantity of neutralizing ma- 
terial and would produce an equally considerable amount of 
product. If, however, the conversion rate is say only 1 per cent 
as some investigators have stated, the matter has a different com- 
plexion and neutralizing methods may be more practical, although 
obviously prevention is always better than cure. 

CoNncLUSIONS 

The results of the work described in this paper confirm the 
conclusions previously recorded that the formation of the sul- 
phuric acid which affects boiler-plant operation is a surface effect 
which occurs mainly on the heating tubes, particularly the super- 
heater; and that formed in the combustion process, if any, is 
unimportant. Some formation can take place on furnace walls 
but in boilers with large combustion chambers this is small com- 
pared with that formed elsewhere. 

The effect can be controlled and prevented for considerable 
periods by surface treatment of the tubes, both metallurgical and 
chemical, and, therefore, the acid formation is not an inherent 
feature of the combustion process, nor is its prevention an in- 
superable problem. 

It is believed that more progress could be made in the avoidance 
of boiler deposits and corrosion by preventing the acid formation 
than by dealing with its effects, thereby obviating at the same 
time a serious source of atmospheric pollution. 
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Discussion 


R. A. SHerman.§ The author’s contribution to our literature 
from his long years of experimentation on the problem of SO; 
formation in boiler flue gases is a welcome one. Many in this 
country interested in this problem probably have not had access to 
his papers before The Institution of Mechanical Engineers and 
his contribution to discussions in the Institute of Fuel. 

No doubt can exist from the data cited in the paper that 
the deposition of sulphates on the specimens of boiler tubes in his 
experimental apparatus is accelerated by an increase in tempera- 
ture of the specimens and that they indicate the conversion of SO; 
to SO; is at least partly, if not largely, the result of the well- 
known catalytic effect of iron oxide. 


*Technical Director, Battelle Memorial Institute, Columbus, 


Ohio. Fellow ASME. 
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The results can, of course, be considered only relative as they 
are qualitative and not quantitative. All! of the sulphuric acid in 
the gas stream was certainly not deposited on the specimens in 
the cool end; some must have been carried on with the gases. 
Furthermore, the data are presented in the form of total SO,, free 
and combined as sulphates. The work of Fletcher and Gibson,® 
showed that alkali salts would combine with SO, to form sulphites 
which oxidize to sulphates. The rate of oxidation increased 
rapidly at temperatures above 1100 F in the absence of a catalyst. 
In the presence of Fe,O;, the rate of formation was high at even 
lower temperatures. Hence it would have been helpful to have 
known in the author’s experiments how much of the SO; was from 
the acid and how much was combined. 

A paper by Burnside, Marskell, and Miller? gives the results of 
an investigation aimed at the determination of the extent of the 
catalytic effect of metal surfaces on the oxidation of SQ, to SOs. 
Flue gases from the combustion of city gas to which varying 
amounts of SO. were added were passed over a simulated bank of 
superheater tubes ten rows deep. The SO; in the gases and the 
dew point of the gases below and above the tube bank were de- 
termined. 

To quote from one series of experiments, with a flue-gas tem- 
perature of 1300 to 1400 F below the tubes, about 60 per cent ex- 
cess air, and an SO: concentration of 0.11 to 0.14 per cent, the 
tube temperatures were controlled in three ranges, 850-1000 F, 
1000-1100 F, and 1100-1200 F. At the lowest range of tube 
temperature there was no conversion of SO, to SO; as the gases 
passed over the tubes, but as the temperature of the tubes was 
increased, there was a definite conversion of SO, to SO;, in ac- 
cordance with the author’s findings. However, the increase was 
not large; at a tube temperature of 1100-1200 F, the SO, content 
of the gases increased from 50 ppm below the bank to 70 ppm 
above the bank. The increase in the dew point of the gases was 
about 20 F, 

Hence the quantitative data of Burnside, et al., although they 
confirm the author’s findings that there is a catalytic effect of the 
tube surfaces, do not indicate that this effect would be of such 
major importance in the corrosion problem as do the author’s 
data. His opinion as to the reasons for this difference in indica- 
tions would be of interest. 

The flue gases used in the two sets of experiments were pro- 
duced in manners quite different, and greatly different from 
operating boiler furnaces. Although one cannot put a finger 
directly on the reasons why this should cause the difference in the 
results, the writer is in thorough accord with the conclusions of 
Burnside and his associates; namely, ‘‘A thorough investigation 
of the reactions involving the sulphur oxides in the combustion 
chamber or furnace will be necessary before the true cause of high 
acid dew points becomes known.” 


A. J. Tiaces.2 Several years ago we had a number of discus- 
sions on this subject matter which is essentially physical chemis- 
try. However, the writer’s viewpoint will be that of a mechanical 
engineer and perhaps from the strictly technical aspect it will be 
very much oversimplified. 

As understood, the author’s findings indicate that in a boiler 
system burning sulphur-bearing fuel high-temperature steel parts 
act as catalysts to convert SO, to SO;. It is the writer’s belief 


*“The Use of Carbon-14 and Sulfur-35 in Chemical Problems of 
Fuel Research,”’ by Fletcher and Gibson, Harwell Radioisotope Con- 
ference, 1954. 

7“The Influence of Superheater Metal Temperatures on the Acid 
Dew Point of the Flue Gases,” by W. Burnside, W. G. Marskell, and 
J. M. Miller, Journal of the Institute of Fuel, vol. 29, 1956, pp. 261-269. 

* Consulting Engineer, Jackson & Moreland, Inc., New York, 
N. Y. Mem. ASME. 
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that there is sufficient evidence in the field of physical chemistry 
to demonstrate that iron or steel at temperatures above 950 F 
does act as a catalyst to convert SO, to SO, in the presence of 
water vapor and oxygen. 

Starting with this fact, the author’s thesis is to coat with in- 
active material the iron or steel parts having temperatures above 
950 F so they cannot perform the function of a catalyst. In es- 
sence this is known as poisoning the catalyst. This is a well- 
known phenomenon. 

The author spends a great deal of time demonstrating the ill 
effects of the presence of SO; in the low-temperature zone of the 
flue-gas system of the boiler. And of course this is a problem. 
However, it is believed this can be handled with the quantities of 
SO; normally present. The writer’s main concern is to prevent 
this SO; escaping into the atmosphere. SO; has a tendency to 
attach itself to the fine particulate matter which picks up ade- 
quate water vapor forming a very active agent. 

If in any way it is possible to inhibit this active agent the au- 
thor’s years of effort will be well worth while. Therefore the 
writer urges very strenuously that his work should be continued 
and given serious consideration by the members of this Society. 

In continuing this study it should be kept in mind that in a 
boiler system there are many factors which act as catalysts and 
which are very difficult to simulate by laboratory experiments. 

While the high-temperature superheater surfaces may act as 
catalysts, the many fine particles in flue gas which contain 
metals also may act as catalysts. For instance, in certain oil- 
refining processes particulate matter from 10 to 50 microns 
coated with metal is used as a very powerful catalyst when in 


suspension of the gases to be acted upon. Many of the particles 


in the flue gases today contain metals, and possibly almost any 
metal at temperatures above 950 F may act as a surface catalyst. 


Therefore it must be kept in mind that the coating of super- 
heater surfaces may not eliminate the conversion of SO, to SQ . 
This aspect also should be examined in order to insure a compre- 
hensive study. 


E. F. Wausu.* This paper reaffirms the author’s earlier state- 
ments that sulphur trioxide formation from sulphur dioxide is 
catalyzed by contact with iron oxide. While this action is slight 
up to temperatures of 700 F, it increases rapidly to a maximum of 
about 1100 F. Additional experimental evidence is given to 
support these statements. 

A coating of aluminum-ethy! silicate is claimed to protect the 
surface longer than other coatings tried hitherto. 

The author also indicates that the higher steam and metal 
temperatures now being used increase the rate of formation of 
sulphur trioxide and the troubles caused from this source, 

While there is very little fault to be found with the author’s 
reasoning and his experimental evidence is above reproach, the 
only thing that seems evident after several years of investigating 
the problem of gas side deposits, is that there is apparently no 
single answer to the problem. There is a great lack of uniformity 
in results when the various remedial measures proposed over the 
years have been tried. In every case that protective measures 
have shown promise, the same measures have shown indifferent 
or negative results when applied in other cases. 

In 1953 the Gas Side Deposits Section of the Chemistry Sub- 
committee of E.E.I. made a study with questionnaires of the 
problem. The conclusion from that report states: ‘Boiler steam 
pressures, temperatures, and total evaporation in pounds per hour 
do not appear to have much relation to problems or troubles 
found in flue gas systems. Boilers having high steam pressures 
(1500 psig) with 1000 F steam temperatures report bridging 
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across screen tubes and superheater tubes. While other quite 
similar boilers operating at 1550 psig and 1005 F steam tempera- 
tures, and evaporating 550,000 pounds per hour indicate no 
trouble with flue gas side accumulations.”’ 

In support of the author’s contention, a further statement from 
the foregoing report says: ‘The effect of sulphur in the various 
fuels or combination of fuels used, as well as the resultant sulphur 
compounds in the flue gas, is likely one of the most important 
considerations affecting the deposition of troublesome materials 
in both the hot and cooler sections of boilers. The usual 
materials that bridge over and close off gas lanes in superheaters 
and in preheaters are quite often mixtures of sulphate and molten 
ash particles.’’ 

If some way could be found for controlling the sulphur-caused 
troubles in all cases, the biggest step will have been made in over- 
coming troubles from gas side deposits. 


AvutTHor’s CLOSURE 


The author desires to express his indebtedness to J. F. 
Barkley for presenting this paper in his unavoidable absence; 
and his thanks are due to R. A. Sherman, A. J. Tigges, 
and I. F. Walsh, for their understanding and reasoned remarks 
on what has become a most controversial matter in this country 
and remains a very serious one. He believes that much more 
agreement would be reached if the phenomenon of surface 
catalysis were more deeply investigated, although as Mr. Tigges 
rightly remarks, this is essentially physical chemistry and is not 
normally within the ambit of the mechanical engineer. 

Replying to Mr. Sherman, he thought any question of the 
formation of the sulphate on the test specimens by combination 
of the SO, with alkali salt could be ruled out, otherwise this 
would have occurred in both channels, whereas in the low 
temperature sulphate noticeably The 
sulphate undoubtedly occurred by combination of part of the 
acid or SO; with the metal. 

With regard to the paper by Burnside, Marskell, and Miller, 
the author submits that there was a fundamental weakness in 
their investigation, namely, in the manner of the production of 
the flue gases to be tested. These were not produced by burning 
a sulphur-bearing coal in commercial equipment working on the 
same principle as employed on many large boilers (as in the au- 
thor’s tests), but were obtained by burning town gas, into which 
SO, was admitted, in a small refractory-lined chamber. From this 
chamber the gases were led to a swirl chamber, also refractory 
lined, ‘‘to promote good mixing,”’ and thence to the apparatus. 
It is well known that hot refractory is an excellent catalyst, 
(a principle utilized very effectively in the gas fire) and it is to 
be expected that some of the SO, would be converted to SO, 
before the superheater tubes were reached; thus giving rise to 
the conclusion that the formation of sulphuric acid is inherent in 
the combustion process. Such an effect is unavoidable in small 
refractory furnaces, but is negligible in large boiler furnaces, 
where the surface-to-volume ratio is enormously greater. In 
the author’s tests, the furnace was water cooled and was large 
compared with the flame and no impingement on the walls 
took place, resulting in practically acid-free flue gases. 

The relatively low conversion rate obtained across the super- 
heater tubes might be explained by the fact that these were 
constructed of alloy steel, since the author’s experience shows that 
with such steels the catalytic effect initially is very much less 
than with ordinary mild steel. Unfortunately, however, this 
comparative inactivity does not persist and is probably due to the 
slower oxidising rate of alloy steels, which is one of the reasons 
for their use. On a stainless steel, which the author has tested, 
the catalytic effect was found to be negligible for the first 186 
hours, but at 376 hours this immunity compared with mild 


series was absent. 
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steel had entirely disappeared. He doubts whether the investiga- 
tions referred to were carried out for such periods, which are 
necessary to obtain reliable results. The author also suggests 
that the method of detecting the sulphuric acid by actual con- 
densation and measurement on cold surfaces—which is the 
factor of interest in boiler plant operation—is much more positive 
and dependable than gas analyses or dew-point determinations 
which, as the paper shows, can be notoriously unreliable. 

The author is glad to note that Mr. Tigges considers the study 
of the subject should be pursued, particularly in order to prevent 
the release of the very active sulphur trioxide to the atmosphere. 
With regard to the other possible catalysts in flue gases to 
which he refers, particularly metal particles, which are often 
present, experience indicates that these are not an important 
factor. In coal-fired boilers there are usually particles of iron 
oxide produced from the pyrites in the fuel, but no effect appears 
to occur unless the gases sweep over high temperature surfaces. 
For catalysis to take place effectively, it seems that the gases 
must pass over the catalyst and not travel with it. In any 


event, with pulverized fuel where the proportion of such particles 
is probably greater than with any other form of firing, the 
production of SOs; is least. 
particles in flue gases is a condition which has always existed, 


Moreover, the presence of metallic 


whereas the formation of sulphurie acid has not. 

It was interesting to receive the views of Mr. Walsh, particu- 
larly in view of the lime treatment experiments he carried out 
and recorded some years ago. It is correct, of course, that as 
yet there appears to be no complete answer to the difficulties 
and one reason for this, perhaps, is the limited attention that 
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has been given to this aspect of the problem; most effort having 
been directed to countering the effects of the acid rather than 
its prevention. In this country, however, more attention is 
now being paid to the latter approach. The author is surprised 
to read that, according to the Subcommittee of the E.E.L., 
there is not much relation between pressures and temperatures 
of a boiler plant and fouling troubles. 
of the many other variables involved and the diffieulty of making 
direct frequently found that with 
boilers operating at higher pressures and temperatures than 


Perhaps this is because 
comparisons. He has 


earlier boilers in the same plant, all burning the same fuel with 
similar type of equipment, the fouling troubles have been in- 
tensified and at least one notable U. S. plant, which he was 
privileged to visit in connection with this matter, proved no 
exception to this rule. The important criterion is metal tempera- 
ture and the surface extent, but the former is not easy to assess 
and obviously depends on pressure and temperature only in a 
The factors of flame impingement and steam flow 
Recent 
experiences of the author and others have shown that CO, 
content is also a relevant but less important factor. In addition, 
there is the marked difference between various types of firing 
and, of course, the sulphur content of the fuel. It is gratifying 
to note that the Committee concurs with the contention that 
deposit troubles in both the hot and cooler section of the boiler 
are likely due to the effect of sulphur compounds and it is this 
conviction, together with the serious aspect of air pollution, 
which has led the author to feel justified in writing the present 
paper. 


general way. 
can greatly influence this and upset the general rule. 


The Automatic Calculation of Forces and 
Deflections in Piping Systems 


By L. G. PECK,' R. F. MEYER,? P. F. STRONG,? ann H. KALSON® 


1--BASIC CONCEPTS 
INTRODUCTION 


4 NHIS paper is the result of joint research which has been 
carried out over the past year and a half by members of the 
Blaw-Knox Power Piping Division and the staff of Arthur 

LD. Little, Ine. Mathematical Analysis and Data Processing 

Group. 

The objective was to develop a method for the calculation of 
the forces, moments, deflections, and stresses in power piping 
systems under thermal expansion which, by making use of 
modern electronic computers, would be faster and more accurate 
than other available methods. In summary, the major results of 
the work are as follows: 


1 The method of computation is completely automatic. The 
computer is supplied with only the simplest geometric and 
physical data which can be copied from an isometric drawing by 
a relatively untrained person. No advance calculation (such as of 
“shape” coefficients) or judgment is required. 

2 There is no limitation on the complexity of the systems 
which can be handled. Any 
Out-of-plane bends as well as restraints are 
routine. Floating with the resulting 
naturally proceeding back through the superheater tubes to the 
boiler restraints, are taken into account. The latest experi- 
mental and theoretical results on flattening of bends due to in- 
plane or out-of-plane bending also are included. 

3. All results are accurate to at least 6 significant figures and 
are completely checked by the machine because they are calcu- 
lated in two different ways. 

4 Inconsistencies in the input data are detected by the ma- 
chine, and in some cases the machine even provides its own sug- 
gested correction. 

5 A typical problem involving, let us say, 5 anchors and a 
floating header (as well as a number of internal restraints) can be 
solved completely in less than one day starting from a complete 
isometric drawing. The actual machine part of the computation 
is approximately an hour, the remainder of the time being re- 
quired for transcribing the input data from the isometric onto 
simple forms which we have prepared, and then from these forms 
onto magnetic tape or other suitable machine-input medium. 

To obtain the kind of results which have just been outlined it 
was necessary for us to re-examine the entire problem of stress 
calculations from the point of view of basic principles. It can be 


number of anchors and restraints 
may be included. 


headers, calculations 
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appreciated readily that the great expenditure of effort in pro- 
gramming a digital computer for a complex job of this sort could 
be economical only if the program were sufficiently general and 
comprehensive, so that it would not have to be altered repeatedly 
as new, unexpected situations arose. 

Previous methods of handling these stress problems, in the final 
analysis, reduced to the inversion of large matrices, whose size 
tended to increase radically with the complexity of the system 
under analysis. Moreover, tedious calculations were involved in 
finding the individual elements of these matrices. It is well 
known that the amount of calculation required to invert an n X n 
matrix is proportional to n*. It is perhaps less well known that 
when the calculations for inversion of a matrix are performed 
with a fixed number of significant digits throughout, the ac- 
curacy of the final result will be considerably less than this num- 
ber of significant digits, and in fact, tends to go down rather 
drastically as the size of the matrix increases. Thus from the 
point of view of numerical analysis, there was a serious objection 
to the “classical approach.”’ To meet these objectives we de- 
veloped a method which uses 6 X 6 matrices throughout. This, 
we believe, is a fundamental contribution not only to the prac- 
tical problem of pipe-stress calculation but also in mathematics 
to the basic techniques of matrix algebra and in pure mechanics 
A significant advantage aris- 
ing from the method, beyond the original objectives, is that in the 


to the analysis of elastic networks. 


process of design of a system, when it becomes necessary to make 
a change in one member without changing the remainder of the 
configuration, the additional calculation required is confined to 
this member and results obtained earlier for the unaltered part of 
the system can be used over again. 


FUNDAMENTALS 

It is a well-established fact, both experimentally and theoreti- 
cally, that the movements encountered in piping systems under 
thermal expansion are sufficiently small so that from the point 
of view of elasticity, a completely linear theory is entirely ade- 
quate to describe the results, and from the point of view of 
geomr*~v, the motions may be considered infinitesimal Euclidian 
transfurmations (which means in particular that they commute). 
It is, therefore, possible to describe the movement at any point 
in the piping system by means of a 6-vector 


d, 


dy 


which we call a deflection. The first three components of the de- 
flection are components of a translation referred to a fixed set of 
co-ordinate axes; this is the translation suffered by the center 
line of the pipe. The last three components of the deflection are 
the angles (in radians) of rotation of the cross section of the pipe 
(normal to the center line) about the centroid. Note that this 
use of three components to describe a rotation makes sense only 
when the rotation is small, or in other words, when no appreciable 
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error is made by replacing the sines of any of the angles referred to 
by the angles themselves. 

Forces and moments can be combined in a similar manner into a 
single 6-vector 


which we will call the force vector. The first three components 
are components of a force and the last three are components of a 
moment. 

By linearity we mean that if the deflections produced by two 
force vectors acting at a point of the piping system are known, the 
sum of these force vectors would produce a deflection equal to the 
sum of the individual deflections. It is a well-known theorem of 
algebra that, under these assumptions, the relationship between 
the force and deflection at a point of the piping system must be 
given by an equation of the form 


where @ is a 6 X 6 matrix 


4016 
2) A220 230 
13; 1320330 3435036 
1520530540 5556 


The matrix @ is called the flexibility of the piping system at the 
point in question. It has a fairly simple physical interpretation. 
The element in, say, the second row and 6th column would, for ex- 
ample, represent the amount of motion in the y-direction pro- 
duced by a unit moment about the z-axis. 

The force and deflection vectors as well as the flexibility matrix 
will depend on the choice of co-ordinate axes, and our first prob- 
lem is to investigate how a change of co-ordinates will change 
these fundamental entities. A translation of the axes is easily dis- 
posed of, since as it has no effect on the components of either a 
force or deflection vector, it will clearly not change the flexibility 
matrix. However, a rotation of axes will produce changes in all 
of these quantities. It is easy to show that if R isa3 X 3 matrix 
which defines a rotation of axes 


[5] 


(2’, 9’, 2") = (2, y, 2R....- 


and if we define 


the effect of the rotation on a deflection d and a force f is to 
multiply each of these vectors on the left by R*+ where the * de- 
notes the transposed matrix. It follows that 


a> RAR* 


under the rotation considered. 
Equation [7] permits the complete freedom from co-ordinate 
frames of reference that was mentioned in the Introduction. 
Tue TRANSFER Matrix 


Our considerations thus far have been purely geometrical. We 
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proceed now to the simplest case of a mechanical type of trans- 
formation. Consider the piping system shown in Fig. 1 to the 
left of the point P. This system may be arbitrarily complex. 
Suppose P is connected to another point Q by a rigid bar. We 
may impose any desired forces at the point P by exerting a 
suitable related (though not equal) force at the point Q. Simi- 
larly, any deflection at P has a related deflection at Q. If the z, 
y, and z-components of the vector from P to Q are a, b, c, and if 
we define 


it is easy to deduce that 
{11} 
d at P is equivalent to Ipgd at Q.... . [12] 


. [13] 


f at P is equivalent to Jgp*f at Q 


at Sped = = * tgpf). [14] 


Flexibility @ at P — Flexibility Ipg@3*pg at Q..[15] 

If we now replace the rigid bar PQ by a pipe with flexibility ® 
at Q (imagining an anchor at P), it is clear that a force exerted at 
Q will cause not only the deflection due to the flexibility in 
Equation [15] but an additional deflection of @f due to the bend- 
ing of PQ. Thus the total flexibility at Q is 


SpghTpgt + B.... .. [16] 

This result combined with the previous result on rotation of 
axes permits the analysis of any unbranched length of pipe which 
is restrained only at the ends. In fact, if we know the flexibility 
matrix for an infinitesimal length of pipe whose center line is 
tangent to the z-axis and whose cross section is in the (y, z)-plane, 
by successive applications of Formulas [7] and [16] we can add 
together many such infinitesimal lengths and obtain by integra- 
tion the flexibility of the whole pipe. This is carried out in detail 
in the first section of Part 2 of the paper. 

For practical application it is only necessary to know the 
flexibility of a straight pipe along the z-axis and a circularly 
curved pipe in some standard position. Successive application of 
Formulas [7] and [16] then yields the solution of generalized 


val ’ 
= 
| 
te 
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ff. 
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thus 
and 
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Hovgaard bends with no restriction as to the number of straight 
and curved pieces, or their orientation. 


BRANCHED SysTEMS 
Suppose the flexibilities @, and @: are known for two arbitrarily 
complicated piping systems which come together at a single point 
without being actually connected. We now connect these systems 
at the point in question by, say, welding the pipes at that point, 
and we wish to know the resultant flexibility @, Fig. 2. It is 


Za 
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clear that to produce d requires a force @,~'d on the lower 
branch plus a force @,~'d on the upper branch. Thus 


= Q@-'d = + 
it follows that 
@ = (@,-' + 


If the individual thermal expansions of the two branches are 
given by the six vectors t, and t, it is further easy to prove that 


t= + [19] 


is the net thermal expansion after the two branches have been 
joined together. 

Successive applications of Formulas [18] and [19] permit the 
building up of systems with any number of branches. 

The complete scope of our method, as indicated in the Intro- 
duction, requires only two further results. The first is the matrix 
transformation needed to describe a partial restraint as well as 
the corresponding effect this has on the thermal expansion. This 
is treated in a separate paper which is being prepared for publica- 
tion. The second, which is handled in the last section of Part 2, 
concerns the modifications required in the transfer matrix Equa- 
tion [9] to permit handling of multiply connected or looped piping 
systems. 


2—FLEXIBILITY MATRICES AND ANALYSIS OF LOOPED 
PIPING SYSTEMS 


INTRODUCTION 


In part 1 a description is given of familiar piping-system con- 
cepts in terms of 6 dimensional vectors and 6 X 6 matrices. 
Foremost among these matrices is the flexibility matrix @,,, 
representing the flexibility at the free end j of a simple section of 
pipe whose other end 7 is anchored, Fig. 3. Suppose a (6-vector) 
force f; were applied at joint j, then it has been shown in Equation 
[3] that the resulting (6-vector) deflection d; may be represented 
as 


d, = 


In the first section of this part, we shall show how the explicit 
form of the elements of the flexibility matrix @,, may be found in 
terms of the elastic and geometric parameters of the section of 
pipe. 
in straight and circularly curved sections of pipe, we intend to 
present a method that will permit the derivation of the flexibility 
matrix for a far wider variety of curves. 


i 


i 


Even though, in piping-system analysis, chief interest lies 
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We shall repeat here, for the sake of convenience, some of the 
main results of the preceding part. 

The components of the flexibility matrix of a section of pipe 
depend on the specific orientation of the co-ordinate axes chosen. 
If the flexibility matrix of a specific section is known to be @ ina 
co-ordinate system (z, y, z), then a new co-ordinate system, fol- 
lowing from the old by means of a rotation matrix F?, will change 
the flexibility matrix according to 


I 
where K = 4) is [21] 


OR 
For an unanchored section of pipe, a deflection d,; applied at a 
point j will induce a deflection d; at some other point i. These 
two deflections are related by means of the transfer matrix 3,; 
according to 


where 


1 00 0 -c b 


0 


ET 
= ( E=(0 1 0}; T={ 0 a).[23] 


00 1 —b a 0 


Similarly, the exertion of a force f; at the free end 7 of a section of 
pipe of which the other end 7 is anchored will cause the pipe to 
exert a reaction force f; on the anchor, which is given by 


= 


By means of these transfer matrices, it is possible to express the 
flexibility matrix @,, resulting from the series composition of two 
sections extending respectively from j to k and from 2 toj in terms 
of the flexibility matrices of the separate sections according to 
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The 6 X 6 transfer matrices employed in the foregoing permit 
the calculation of the flexibility matrix and the thermal deflections 
at any point in a simply branched system. A generalization of 
the concept of a transfer matrix is required to analyze in the same 
sequential manner the forces and deflections in looped piping 
systems. The second part of the paper is devoted to this exten- 
sion of the theory. 


Expuicit Form or Fie <rerirry Matrix 
In Fig. 5, a section of a pipe is shown, anchored at the left and 
extending to a total length s. We shall denote the flexibility 
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matrix at point s by F(s). Proceeding along the pipe from the 
anchor, we shall label every point along the center line of the pipe 
by means of its distance from the anchor, s’. s’ is, therefore, a 
parameter ranging from 0 at the anchor to s at the free end. The 
co-ordinates of the center line of the pipe may now be given as 
functions of s’ as follows 


= 2(s’), y’ = y(s’), 2 


The three components of the tangent vector at a point s’ are 


consequently 
dz’ 
= y, 2) 


.. [27 
ds’’ ds’ [27] 


ds'’ 

Let us fix our attention on an infinitesimal section of pipe of 

length ds’ in the neighborhood of the point s’, Fig. 6. The situa- 

tion suggests three matrices of importance for the section ds’ as 
follows: 
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1 A matrix @(s’) such that @(s’) ds’ represents the flexibility 
of the section of length ds’ if it were anchored on the left, and 
rotated to be tangent to the z-axis. 

2 A matrix ®(z, y, 2) = R(x) which rotates the z-axis into 
the tangent vector at s’ by means of a 180-deg rotation. (i.e., an 
involution 

3 The transfer matrix 3(s — s’) which transfers a deflection 
from point s’ to point s. 

In view of Equation [25] the contribution of the section of 
length ds’, located at point s’, to the total flexibility at point s is 
given by 


B(x — )A(s’ — x’ )ds’....... [28] 


In order to obtain the total flexibility at point s, we must sum 
the individual contributions of all the infinitesimal sections be- 
tween O ands. In this manner we obtain the integral expression 


F(s) = ds'Mx — x 


8 
= f, ds'3U(s, 8’) 


The matrix 3C(s, s’), called the flexibility integrand, will be ob- 
tained explicitly by the multiplication of the five matrices whose 
product appears under the integral sign. The components of the 
transfer and rotation matrices involved are found in a straight- 
forward manner from the preceding theory. In particular 


( 
= where 


4 This suffices for plane curves, in view of the equality of the second 
and third, and the fifth and sixth, diagonal elements of the matrix 
in Equation [32]. For curves with torsion, Equation [32] has six 
distinct diagonal terms, and the rotation matrix R is the matrix 
which rotates the z, y, and 2-axes respectively into the three vectors 


1 
(#24 


[29] 


t = (x,y,z); m n=tXm 
Since the flexibility integrand (Table 1) is valid for plane curves 
only, the curve may always be chosen to lie in the z-y plane. In 
that case, z = 2’ = z = 0. 
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0 2(s) — 2(8’) 
2(s’) — 2(s) O 


y(s’) — y(s) 
— xfs’) 


y(s) — y(s’) —2(s) 


where 
y(s ) 


1 + i(s’) 


y(s’)z(s’) 
2(s’) 
1 + 7(s’) 

The determination of the components of @(s’) requires reference 
to the ev isting engineering theory of uniformly curved pipes. An 
infinitesimal section of a plane curve is always equivalent to 
the infinitesimal are of a cirele (i.e., it is described completely by 
its radius of curvature). The theory of circular sections of pipe, 
however, is well developed, and the matrix @(s’) may therefore 
be found by applying the considerations used in the literature for 
finite circular sections in the limit as the length of the section be- 
comes vanishingly small. 

For an infinitesimal section of pipe, tangent to the z-axis, the 
application of a force or moment along one of the co-ordinate 
directions will result in a deflection of which only the component 
along that particular co-ordinate direction is of the first order in 
the element ds’, all other components being of second order or 
higher. As a result, the matrix @(s’ Vig- 
ness’ has shown that, within the limitations of the theory of 
deformable, although still planar, cross sections, the resistance to 
bending of a circular section of pipe is the same for forces applied 


) is a diagonal matrix. 


in the plane of the bend as it is for forces perpendicular to the 
plane of the bend. In view of this, the second and third elements 
along the diagonal of the matrix @(s’) are identical, as are the 
fifth and the sixth. We may therefore write the matrix @(s’) as 


6 
The dependence of @(s’) on the variable s’ enters through the 
dependence of the parameters a, 8, y, 5, on the local radius of 
curvature. Further inspection of the existing literature shows 
that, to a satisfactory degree of approximation, the constants a, B, 
7, 6, may be expressed as 


EA + 


B= 


1 
1 ) 
EI +a) 6 


where 
K = von Karman’s flexibility factor 
ao = Poisson’s ratio 
Young’s modulus 
shear distribution factor 


K 
A cross-sectional area 
I axial moment of inertia of cross section 


‘Elastic Properties of Curved Tubes,”’ by Irwin Vigness, Trans. 
ASME, vol. 65, 1943, pp. 105-120. 
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TABLE 1 


THe INTEGRAND: 
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Notation: (x,y,2) = = (9,2) = (£.2. 
s* 


JU(s, 8’) = 
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Substitution of Equations [30], [31], and [32] into Equation 
[29], followed by a term-by-term multiplication of the matrices 
concerned, yields the flexibility integrand 3C(s, s’) explicitly in 
terms of the elastic coefficients of the material and the geometry 
of the section of pipe. The fexibility integrand is shown in Table 
1, and has been used to obtain the flexibility of straight and 
circular pipes. The integrand may be used in general for any 
curve that can be expressed in the form of Equations [26], al- 
though use of the specific coefficients a, 8, y, and 6 given in Equa- 
tion [33] will neglect some tube-flattening effects in the case of a 
space curve with torsion in addition to curvature. 

The equations of the straight line in the z-direction are given in 
Fig. 7, and substitution of these equations into Table 1 yields a 
flexibility integrand 


— 8’) 


Subsequent integration of Equation [34], according to Equation 
[29], vields as a final result for the flexibility matrix of a straight 
pipe of length s 


[ as 
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A similar calculation for a circularly curved section of pipe has 
been carried out. The geometry and the corresponding equations 
of the curve are shown in Fig. 8. 

Substitution of these equations in the flexibility integrand and 
subsequent integration yield, for the nonzero components of the 
flexibility matrix 


ay, = RO[a + + 26R?) 
+ sin — B — 36R?] + cos 26 
6R? sin 6[20 cos 6 — 2 sin 6} 
R*6(26 cos — 2 sin 
+ + 2R%3] — cos 20 
+ sin 20[ 8 — a — 
de. = 2266 sin 
RO(28B + 3yR? + 


1 
— 2yR3 sin 20 + 7 R*[y — 6] sin 46 


a3 = R? E sin — (y+ 6)9 cos 6 


+ cos sin 26 


= —R™6 + sin 


sin 6 sin 20 


(6 — y) 
2 
R 9 


(6 — 


(6 + y)RO R sin 20 


ass = (6 + y)RO + R sin 26 


(6 — 
2 


ae = 2R60. 
Both Equations [35] and [36] are easily seen to agree with 
established results. 


GENERALIZED TRANSFER MATRICES AND ANALYSIS OF LOOPED 
SysTems 

In order to analyze by means of a sequential method, re- 

stricted to matrices no larger than 6 X 6, a system which contains 

one or more re-entrant paths, it is necessary to extend the 

definition of a transfer matrix. In Fig. 9 is shown in a schematic 

diagram an arbitrary piping system, with attention focused on 
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two particular points, 7 and j. It should be emphasized that the 
piping system represented by the rectangle is intended to be com- 
pletely general, and may contain as many loops, anchors, re- 
straints, as is desired. Furthermore, the single lines extending 
from the rectangle to points i and j are not meant to imply that 
points 7 and j are actually connected to the remainder of the 
piping system by single sections of pipe only. The representation 
used in Fig. 9 is a purely schematic one, and it is to be under- 
stood that points i and j are any two points in the piping system 
whatsoever. 

Suppose a deflection d, (and this will generally require a force ) 
were applied at point 7. Say that a deflection d; would result at 
point 7, then the linearity of the system permits us to write 


37] 


The matrix Q;, will be called the generalized transfer matrix from 
j toi. 

A generalized transfer matrix for the transferral of a force 
could be defined in a similar manner, and it might be shown that, 
as a direct consequence of Maxwell’s theorem on the symmetry of 
flexibility matrices, the generalized force-transfer matrix is ex- 
tremely closely related to Q,;;. In fact, to be precise, consider 
the arrangement in Fig. 10. A force f, is applied at point 7 and 
causes the piping system to exert a reaction force on the anchor 
imposed at point 7. The reaction force f, is then given by 


= Qt [38] 
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Suppose a deflection d, were applied at point j of Fig. 9. By 
Equation [37] the resulting deflection at point 7 would be Q;,d;. 
This deflection at ¢ can be nullified by applying exactly the same 
deflection but in the opposite direction, as is shown in Fig. 11. 
However, for a system that is somewhere anchored or restrained, 
the removal of the deflection at i will not cause the total deflection 
at j to vanish, and in fact, if the original deflection imposed at 7 
was d,, then the final deflection after going through this sequence 
of steps will be given by 


d’; = (& — = C,d;............ [39] 


where & is the unit matrix, and C;; = & — Q;,Q,; is called closure- 
failure matrix. It will be seen later on that the closure-failure 
matrix plays a fundamental role in the closure of loops and in the 
series composition of two arbitrary piping systems. 

The foregoing considerations have involved only two points at 
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atime. In further work it will be necessary to take account of 
the effect which the anchoring of one point in a system has on the 
flexibility and transfer matrices between two other points. Fig. 
12 shows, again in schematic form, a system with three points, 7, 
j, k, under observation, of which subsequently point k is anchored. 
As a result of anchoring point ’, the transfer matrix, closure- 
failure matrix, and flexibility matrix between points j and 7 are 
changed, and these changes are indicated in the following 


(Qi: 
= ,C,,@,, 


[40] 


We have now developed a sufficiently powerful set of tools tu 
handle the closure of a loop within one system, and the parallel 
and series composition of any two piping systems. These three 
operations are sufficient to synthesize in a sequential manner an 
arbitrary piping system, starting with its simplest components. 
A summary of the formulas required to perform these operations 
is given without proof in the following: 

Loop Closure 


= 


13 
Parallel Composition 
t, @,[@,-(t, + Q.d.) + + 


Series Composition 
Qu = + + 


= 
te = ta + + 


3—SAMPLE PIPING SYSTEMS 

The foregoing method for the solution of piping systems has 
proved 100 per cent effective. During the past year we have 
solved successfully almost every type of problem likely to occur. 
In every instance our method has proved itself speedy, accurate, 
and flexible. It is never limited by the number offanchors or re- 
straints. 

For purposes of discussion we have selected a sampling of piping 
systems. The simplest piping configuration is the 2-anchor prob- 
lem shown in Fig. 16. This system is essentially an extension of 
the Hovgaard bend. In this problem the piping was computed 
from the superheater header to the stop valve. 

When our results are tabulated by the computer they appear 
on a print-out sheet in terms of sections and members. A section 
is determined as follows: 


1 Any piping from a given point to a point of intersection with 
other piping. 

2 A change in pipe size. 

3 Admission of a restraint. 

4 Valves. 


MOVEME NT AT 
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Fic. 16 Type 1, 2-ANcHorR Pipinc System 
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TasLe 2. Univac Print-Out SHEET FOR PROBLEM oF Fia. 20 
SecTrONn MeuBe? ex (ss (as “x IN@ BS MY IN@L8S MZ IN@\8S 
912284F ’ «2! 55 3845 
2 $5 416) 
112266F F 35 ule! 
112268 “$5 416) 
112 55 
132265F 
1122836 35 3775 
-1463 
1122656 25 
69048 
63 
63 


oY RX Rans ay Ra0S 
( 029000 009000 
#029990 
1122686 29065 200090 2020002 
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702016 =020003 2020002 
1922846 #020003 2020062 
192782 00155 20,018 20,0004 20,0003 
1120856 009 20.018 2020003 
112756° 22035 70.056 70.0005 -0,0005 
02100 00219 =020010 2020007 
112263 2409) 2007s 2020012 #020005 020715 
1920436 702063 702202 2020619 0.0722 
02063 700080 2020019 020000 029922 
20,04! =0,0010 0.9510 
702006 02030 020007 029709 
192268F =0 2006 Oola? 20.036 20.0007 0.0909 
112268F 20067 02003 020007 020002 029509 
112288F 20767 202003 020007 020002 020009 
112288F 02027 202000 #02000! 020000 020990 
112266F 02020 20955 20.000 =0.0000 2020000 029500 
20.063 702080 70.262 70.0019 020000 020-22 
700248 70.9005 02000) 0.0725 
112286F 704269 00327 70.250 70,0002 0.0002 0.0018 
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Every section is composed of members. A member is defined 
as any piece of pipe—straight or curved. From this definition, 
it can be seen that Type 1 is a single-section problem with 24 
members. 

Fig. 17 shows a 3-anchor problem. In this problem we en- 
counter out-of-plane piping, changes in pipe size, and variance in 
bend radii. This problem consists of three sections. 

In the configuration of Fig. 18 we take into consideration the 
superheater header and the boiler tubes back to a point of fixation 
or a point of known movement. Notice the single line—two 
branches with each branch going to a throttle valve. From each 
throttle valve there are two turbine leads. 

This problem consists of 13 sections. The boiler tubes, the 
superheater header, the piece of straight pipe to the point of 
branching, the two branch lines, each piece of inflexible piping 
from the upstream side of the stop valves to the point of intersec- 
tion with the turbine leads; each of the four individual turbine 
leads forms it own section. 

Fig. 19 introduces a new element. This is a 5-anchor problem. 
Here the superheater header was free to move only a fixed 
amount. Therefore it was not necessary to include the boiler 
tubes in the calculations. There is a unique aspect to this 


problem. The two throttle valves are interconnected by a heavy 
Y. This gives us an inflexible piece of piping from the upstream 


TRANSACTIONS OF THE ASME 


side of the Y to the four downstream connections of the throttle 
valves. Notice also the restraint along the Z-axis of the Y. 

It may be noted that our setting up of the X-Y-Z co-ordinate 
systems varies. We set up the systems to our customer’s prefer- 
ence. 

Fig. 20 shows another 5-anchor problem. Here the two throttle 
valves are interconnected with flexible piping. There is a re- 
straint along the Z-axis. As in the preceding problem, the 
superheater header was restricted in its movement. Therefore 
the boiler tubes were not considered in the flexibility calculations. 
Again we have a piece of piping out of plane. It will be noted 
that the bend radii of the pipe vary. At every point the true 
bend radius was considered. 

Fig. 21 is another 5-anchor problem. This system is a cross- 
over steam line at 750 F and 650 psi with a lead to an evaporator 
and another lead to a heater. Here again we encounter out-of- 
plane piping and 4 valves in the branch lines. 

The results are tabulated as in Table 2, which is the Univac 
print-out sheet for the problem shown in Fig. 20. As will be 
noted we obtain the forces, moments, deflections, and rotation in 
three planes. The expansion stresses are listed in the last column. 
The sheet is self-explanatory since attention already has been 
called to use of the terms “section’’ and ‘‘member.” 
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The Application of Gas/Liquid Cyclones 
in Oil Refining 


By J. R. J. VAN DONGEN' anp A. J. TER LINDEN? 


The two-phase flow of liquids and vapors is encountered 
in many refinery processes. As most final products must 
be either in liquid form or in vapor form, the separation of 
the two phases is necessary at some stage in the process. 
Therefore the problem of separating liquids from vapors 
efficiently is of interest in oil-refinery practice. 


INTRODUCTION 


HE necessity for separating gases and liquids may arise in 
various types of process, and such processes may be con- 
sidered to fall under one of three general headings as follows: 
Processes in which (1) a mixture of liquids and vapors is pro- 
duced from liquids by heating, flashing, or cracking; (2) conden- 
sation occurs due to cooling or compression; (3) a liquid and a 
gas are contacted, e.g., in fractionation, spraying, or blowing of 
gas through a liquid. 
In the foregoing processes, it may be required to separate the 
gases and liquids for the following reasons: 


(a) Asa part of the process itself, i.e., when entrainment either 
of a liquid carried with the main vapor stream, or of vapor bubbles 
carried with the main liquid stream, would produce undesirable 
effects in the process. 

(b) To minimize losses; e.g., of entrained liquids in gases from 
the top of a gas absorber, or of valuable treating liquid used in an 
extraction process for processes mentioned under (1). 

(c) To avoid contamination of products or of valuable process 
chemicals; e.g., to minimize reduction of cracking catalyst ac- 
tivity due to asphaltenes entrained in the vapors from a cat-crack- 
ing feed-preparation unit. 

(d) In order to protect equipment, used in the process; e.g., 
compressors which are constructed in such a way that liquid must 
be virtually absent from the entering gases, or equipment in gen- 
eral which could be attacked by corrosive liquids. 


SEPARATION EQUIPMENT 


The type of separation equipment which is chosen will depend 
on the nature of the process, and on the degree of separation 
which is required. When velocities are low, droplet sizes large, 
the separation requirements not exacting, and a large liquid or 
vapor buffer capacity must in any case be provided, a settling 
vessel in which separation occurs by gravity may often be the 
most suitable equipment. However, in many other cases, vessels 
for separation by gravitational methods inevitably must be of ex- 
cessive size. In such cases separators in which the separation is 
effected by making use of centrifugal forces (e.g., cyclones) may 
be applied effectively. 


1N. V. De Bataafsche Petroleum Maatschappij (Royal Dutch /- 
Shell Group), The Hague, Holland. 

? Professor of Mechanical Engineering, Technische Hogeschool, 
Delft, Holland. 

Contributed by the Petroleum Division and presented at the 
Annual Meeting, New York, N. Y., November 25-30, 1956, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, July 6, 
1956. Paper No. 56—A-61. 
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LIQUID OR SOLID VOLUTE INLET 
TANGENTIAL INLET (b) 


(a) 


INLET WITH VANES 
(c) 
Fic. 1 Types or Cycitone INLET 

With drop sizes such as those usually encountered in petroleum 
refining, cyclones enable separation to be carried out with satis- 
factory efficiency. Even when drop sizes are too small for ef- 
ficient separation by means of cyclones, and extremely high 
separation efficiencies are required, the cyclone is often used as a 
primary separator for removal of the bulk of the liquid, followed 
by other devices for final clean-up, such as refluxed trays and/or 
wire mats. The cyclone has several other attractive features. It 
is relatively small and simple to construct and it has no moving 
parts. Its pressure drop is not excessive. Maintenance is usually 
negligible and operation trouble-free, even when the liquid is 
contaminated with solid particles; e.g., coke. 

Cyclone Separator. The basic features of the cyclone separator 
are the tangential introduction of the two-phase mixture into a 
cylinder, centrifugal separation, removal of the liquid phase at 
one of the ends, and removal of the vapor phase via a smaller 
inner cylinder. A number of different arrangements of the two 
cylinders, and of the inlet and the outlets, is possible. Most 
present-day designs are arranged as shown in Fig. l(a). The in- 
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let may be of circular, square, or rectangular cross section, and 
may be tangential to the outer cylinder (Fig. 1a), a volute (Fig. 
1b), or with curved inlet vanes (Fig. Ic). 

The same cyclone construction will not necessarily give the best 
results both for the separation of droplets and of dust particles. 
On the contrary the most efficient dust collector may produce un- 
satisfactory results if applied to the separation of droplets, and 
vice versa. The differences in the behavior of droplets and of 
solid particles should be taken into account. 

When two small droplets meet, they will coalesce to form one 
larger droplet that will be easier to separate. Moreover, a 
droplet that strikes the outer wall of a separator usually will ad- 
here to this wall and will be absorbed into the liquid film adhering 
thereto. 

As arule dust particles which come into contact will not adhere 
to one another, and they may also, after having been centri- 
fuged to the outer wall, be carried by secondary currents to the 
center and hence to the gas exhaust of the cyclone. 

However, the film of liquid at the outer walls of a cyclone will 
flow not only in the direction of the drain, but also will be forced 
to the gas exhaust by the difference in pressure between the sur- 
faces of the outer wall and of the exhaust. Even if all the sus- 
pended droplets are centrifuged to the walls, so that the gas leav- 
ing the cyclone is free from suspended droplets, a film of liquid 
will leave the cyclone along the inner surface of the exhaust 
evlinder. This phenomenon may be observed especially in 
separators handling hydrocarbons or other liquids with strong 
adhesive qualities. 

For this reason a 100 per cent collecting efficiency will never be 
attained although one may closely approach this figure if the 
amount of liquid entering the cyclone with the gases is not too 
low. 


LABORATORY PILOT-PLANT STUDIES 


In the mechanical laboratory of the Delft Technological Uni- 
versity, experimental investigations in the field of cyclone separa- 
tors were carried out on a pilot-plant scale. These investigations 
aimed at the attainment of a better insight into the flow pattern 
of the rotating gases and the suspended droplets or particles in- 
side a cyclone separator. 

The gas flow in a cyclone is three-dimensional and of a complex 
nature. In every point P inside the cyclone the gas velocity » 
may be resolved into three components 


tangential component 
radial component 
axial component 


The tangential velocity v, is predominant in the entire cyclone, 
except in a highly turbulent region in the center. In this region 
the axial component v, prevails. 

The radial velocity v, is directed towards the center throughout 
the greater part of the cyclone; this velocity tends to carry the 
suspended droplets or particles to the center and to the gas ex- 
haust, against the centrifugal action caused by the tangential 
velocity of the droplet or particle. 

The axial velocity v, of the gases is directed downwards along 
the outer walls and upwards in the center. In the case of dust 
separation, the downward flow assures the removal of the par- 
ticles that have been centrifuged to the circumference. The 
upward flow in the unstable core in the center of the cyclone is 
always unfavorable and may transport droplets or particles from 
the lower part of the cyclone to the gas exhaust. 

To attain a high efficiency the aim should be to keep the drop- 
lets or particles away from the center as much as possible, and 
further to make v, as large as possible in proportion to »v,. 
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Fig. 2) SECONDARY STREAMLINES OF GASES IN A CYCLONE 


By resolving v, and vz we obtain an insight into the so-called 
“secondary gas currents” in a cyclone, and into the effects of these 
currents in causing the undesired transfer of particles to the gas 
exhaust. Fig. 2 shows these secondary currents, measured inside 
a cyclone of conventional shape; i.e., as illustrated in Figs. l(a 
and-b). 

Fig. 3 shows the variation of the static pressure P, and the total 
(static + dynamic) pressure P, at different points in the cyclone. 
It appears that, except in the highly turbulent core in the center, 
the pressure is high throughout the entire cyclone. The lowest 
pressure is to be found at the extreme bottom point B of the 
cyclone, where the pressure is even lower than at the gas ex- 
haust. 

The cyclone shown in Figs. 2 and 3 may produce good results 
for the separation of solid particles, but shows disadvantages if 
applied to the separation of droplets. The liquid centrifuged to 
the outer walls will flow downwards to the drain B (Fig. 2), and 
reach the highly turbulent and unstable core in the center. In 
this region droplets may be torn off from the rotating mass of 
liquid and swept upwards by the vertical components v, of the 
gas currents. 
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The separated liquid leaves the separator at the point B of 
lowest pressure in the cyclone. In many industrial cases, how- 
ever, it is desired to minimize the difference of pressure between 
the gas inlet and the drain. 

New Droplet Separator Developed. On account of the foregoing 
facts the droplet separator shown in Fig. 4 was developed. 

The long cone, a very essential part of the dust-collecting cy- 
clone, is omitted and replaced by a flat bottom plate. This re- 
duces the total height of the cyclone and simplifies its construc- 
tion. There must be an annular opening S between the bottom 
plate and the outer walls, so that the separated liquid flowing 
downwards cannot reach the upper surface U of the bottom plate. 
Liquid swept to the walls is carried off through this annular open- 
ing S without touching the bottom plate. Droplets striking the 
lower surface F of the bottom plate will move to the center and 
cannot reach the upper surface U. It is clear that the cyclone of 
Fig. 4 will not be efficient for the separation of dust particles; 
secondary Currents ean easily carry these particles across the 
annular opening S and the bottom plate will then guide these 
particles directly to the center and to the gas exhaust. 


CYCLONE SEPARATOR FOR DROPLETS SUSPENDED IN FLOWING 
GASES 


Fic. 4 


The width of the annular opening S must be small in order to 
minimize the difference of pressure between the gas inlet and the 
drain. Fig. 3 shows that only a small difference of pressure may 
be expected between the gas inlet A and the annular opening S. In 
the space below the bottom plate there is no longer any measur- 
able vortex. The total difference of pressure between the gas inlet 
and the drain will thus be considerably less than the corresponding 
This 


may be of advantage if the separated liquid is returned via a 


pressure difference for a cyclone with a conical underpart. 


liquid seal to a point in the process before the cyclone, as it 
enables the height of the seal and thus the elevation of the cyclone 
The disk also shields the surface of 
the separated liquid from the vapor vortex and insures a level and 
tranquil liquid surface, which is of advantage if automatic level 


to be reduced considerably. 


control is used. 

Although the film of liquid cannot be prevented from creeping 
along the top cover of the cyclone toward the exhaust, it may be 
interrupted by placing a cylindrical baffle H at the top of the 
cyclone. At the edge of this baffle the liquid forms droplets that 
are blown off by the rotating gases and centrifuged to the outer 
wall. 

Experiments have shown that, within wide limits, the collecting 
efficiency of this type of cyclone is not much influenced by the 
gas velocity or by the concentration of liquid in the feed to the 
cyclone. 

The foregoing considerations are considered to represent sig- 
nificant improvements over conventional cyclone designs. The 
following is an account of applications of gas/liquid cyclones of 
various types in refineries of the Royal Dutch/Shell Group of 
companies. 

HEATING, FLASHING, OR CRACKING PROCESSES 

One of the most important uses of cyclones is in catalytic 
cracking feed preparation by vacuum flashing. For this process a 
high degree of de-entrainment is required to prevent harmful 
carry-over of residual contaminants to the cat-cracking unit. 
At the same time vapor velocities are high because of the vacuum 
conditions, and liquid surface tension is low because of the high 
temperature, so that atomization is particularly severe. There- 
fore this type of service is an exacting test of the de-entrainment 
ability of the cyclone. 
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INLET HORN CURVED INLET MULTIPLE TANGENTIAL INLET 


(a) (b) (c) 


SINGLE TANGENTIAL INLET 
TER UNDEN ARRANGEMENT 


(e) 


SINGLE TANGENTIAL INLET 


(a) 


Fic. 5 Some Fiasnuinc Units Usep sy THE Royat DutcH/SHELL 
Group 


Fig. 5 shows the basic features of some of the cyclone-type flash- 
ing units used by the Royal Dutch/Shell Group of companies. 
The types of inlet employed include inlet horns (Fig. 5a), curved 
inlets (Fig. 5b), multiple tangential inlets (Fig. 5c), and single 
tangential inlets (Figs. 5d and e). 

There is evidence to suggest that the designs with single tan- 
gential inlets give the best de-entrainment performance; new 
flashing units in operation and under construction contain cy- 
clones up to approximately 25-ft diam of the type illustrated in 
Fig. 5(e). Below the cylone there is no bottom stripper because of 
the expected harmful effect on cyclone efficiency of vapors as- 
cending from the bottom section; the stripper will instead be a 
separate column, the top vapors of which will be reintroduced 
into the main column feed line so that they also will pass through 
the cyclone vortex. Atomization of liquid in the furnace tubes 
and in the transfer line from furnace to cyclone will be kept to a 
minimum by proper design of furnace line-up and the choice of 
pipe dimensions so that the vapor velocity nowhere exceeds half 
the sonic velocity. 

Because of the great importance of efficient de-entrainment in 
cat-cracking feed preparation, and also in order to remove unde- 
sirable volatile compounds from flashed distillates, refluxed trays 
and wire mats are installed above the cyclones. 

Distilling. In vacuum columns entrainment of residue would 
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result in contamination of the product. Flows are similar to those 
in feed preparation units, and here again the earlier designs 
achieved some de-entrainment of residue from vapors by providing 
a horn or curved inlet to the column (Figs. 5a and 6). However, 
in many cases the de-entrainment thus obtained is not satisfactory, 
and the redesign of these sections on the basis of what is now 
known of cyclone design may improve performance greatly. The 
same is true for other distillation columns. An example of what 
can be done in this direction is the installation of cyclones in an 
atmospheric column and two vacuum columns of a crude-distill- 
ing unit, as a result of which the capacity of the unit could be in- 
creased by 70 per cent; improved performance has also been ob- 
tained by installing a cyclone in a lube-oil redistilling unit and 
another in a Middle East crude-distilling unit. 

Test data for a cyclone installed in another high-vacuum unit, 
illustrated in Fig. 6, show that its efficiency was affected ad- 
versely by large quantities of bottom-stripping steam; a reduc- 
tion of this quantity to one third of the original value resulted in a 
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lic. 6 Vacuum Fiasainc Unit Bortom Srriprer 


decrease of cyclone entrainment from about 3 to about 0.25 per 
cent of the liquid introduced. Test data are also available for still 
another vacuum column fitted with a cyclone; this column 
originally had curved inlet pipes as in Fig. 5(b), but these have 
been replaced by a single inlet and the cyclone modified to the 
form illustrated in Fig. 5(e). Entrainment from this cyclone now 
appears to lie between about 0.1 and 1 per cent of the liquid in- 
troduced. 

Thermal Cracking. A cyclone of the Ter Linden type has been 
installed downstream of the furnace of a cracking plant in order 
to separate the products into two fractions. Results suggest that 
the cyclone probably will be well suited to this purpose as separa- 
tion is satisfactory, and in normal operation there has been no 
coking even at very high temperatures. These results suggest 
that cyclones should be further considered as a means of separat- 
ing pitch and vapors in other thermal-cracking operations. 

In another vapor-phase cracking plant a large separating vessel 
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(evaporator) has been replaced by a cyclone of the Ter Linden 
type, which is much smaller than the original vessel. As a result, 
operating periods have been extended appreciably because of re- 
duced coke formation. Cyclones have since been installed in two 
other similar cracking plants. 

Other examples of heating, flashing, and cracking processes, in 
which cyclones will be installed, include separation of vapor and 
liquid before feeding to a heavily loaded rectifying absorber, so as 
to improve entry conditions; cyclones for the same purpose at 
the entry to heavily loaded distillation columns; reduction of en- 
trainment from a propane evaporator. These cyclones are all of 
the Ter Linden type, of the form illustrated in Fig. 4. 


CONDENSATION DvE TO CoOLING AND COMPRESSION 


Partial condensation followed by phase separation is often re- 
quired in refinery processes; e.g., in the separation of cat-cracked 
or thermally-cracked gasoline from cracked vapors. 

Condensation Due to Cooling. A cyclone has been placed be- 
tween two condensers in which the overhead vapors from a 
vacuum column are partially condensed. Oil is separated from the 
vapors in the first condensation stage, and returned to the column 
as reflux. Water is condensed in the second stage. Before the in- 
stallation of the cyclone, entrainment of oil droplets was severe 
and there was insufficient oil available for reflux. Installation of 
a cyclone completely eliminated these difficulties. The cyclone 
was designed to give a low pressure drop; namely, 1 mm of mer- 
cury, at an absolute pressure of about 20 mm Hg. A second cy- 
clone is to be installed shortly for a similar duty. 

Other cyclones are being constructed for the de-entrainment 
of condensate from cooled gases. 

Condensation Due to Compression. In processes in which com- 
pression takes place, cyclone separators are usually applied in or- 
der to protect the compressor, or for removing undesired con- 
densate; e.g., water droplets in compressed air. A number of 
cyclones of the Ter Linden type has been designed for these 
purposes, 


CONTACTING 


No results are yet available for the performance of cyclones 
used in connection with gas-liquid contacting. Nine cyclones of 
the Ter Linden type have been designed for the following: 


1 cyclone to remove entrainment from an absorber column. 

2 cyclones to remove entrainment from gas bubbled through 
liquid. 

1 cyclone to remove entrainment from a distillation column, 

3 cyclones to remove cooling water droplets from an inert gas. 

1 cyclone to separate chemicals and water from aromatic 
vapors. 

1 cyclone to remove corrosive liquid from a gas stream at the 
top of a stripping column. 


These examples of applications for which cyclones have been 
built or designed by the Royal Dutch/Shell Group of companies 
will, it is hoped, give some idea of the wide variety of uses for 
which cyclones are suitable, and may indicate other possible 
applications in which cyclones might be used profitably in oil 
refining. 


Discussion 


H. C. DourmMann.* The design of equipment for separation 
of a liquid from a gas by centrifugal means has not progressed as 
rapidly as that for separation of solids from either a gas or a 
liquid. In dealing with solid particles, we have techniques for 


2 Chief Engineer, Buell Engineering Company, Inc., New York, 
N. Y. 
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sampling which retain the particles in their original condition and 
thus permit a study of their physical characteristics and aero- 
dynamic behavior. With liquid droplets, however, an evaluation 
of this characteristic is only possible during the specific operation; 
physical characteristics of the dispersoid being lost in the separa- 
tion. A consequent difficulty encountered in determining the 
performance of specific types and designs of equipment is there- 
fore apparent and points up the reason for the slower development 
in this field. 

The paper is therefore of timely interest, and while it is to be 
regretted no specific results are given which might be compared 
with the findings of other investigations, the authors should be 
commended on a paper which undoubtedly will stimulate further 
work in this field. It is to be hoped that it will first take the 
direction of developing better methods of measurements of the 
physical characteristics of suspended droplets, which is essential 
to any comparison of the effectiveness of design modifications in 
development of separating equipment. 

Referring to Fig. 2 of the paper, we note that the “secondary 
gas currents’’ are not indicated in the extreme top section of the 
cyclone, but it is our observation in studying flow patterns in 
transparent cyclones that the secondary flow in that region will 
be directed radially toward the center just under the top plate 
and then downward axially along the outer surface of the ex- 
haust pipe. The authors have indicated this condition in Fig. 
4 and it also exists in the design shown in Fig. 2. We believe 
that this is more critical with regard to re-entrainment than the 
re-entrainment that may take place at the apex of the cone. The 
diameter of the cone outlet is, of course, an important factor in 
the amount of re-entrainment that might take place at that point. 
Furthermore, from what we know of droplet propagation in the 
study of spray drying, it would seem that a film of liquid leaving 
the bottom edge of the outlet pipe, due to the creepage men- 
tioned, would result in much finer droplets than a film of water 
flowing down the cone with no discontinuity even though it is in 
a region of low static pressure and high spin velocity. 

In the writer’s opinion, if the droplets to be separated are of ex- 
tremely small size, some form of the conical type of cyclone is 
necessary, unless we depend entirely on coalescence. The work 
of Dr. Kleinschmidt would indicate that we cannot depend too 
much on this factor so that it would seem necessary for a sepa- 
rator operating on the centrifugal principal to utilize some means 
of amplifying centrifugal force for separation of the finer drop- 
lets. 

We note a reference to cyclones of approximately 25 ft diam 
and it would be of interest if the authors would give some indica- 
tion of the separating efficiency, particularly with respect to the 
droplet size and also the order of magnitude of the inlet velocity. 


P. E. Frank.‘ This is an excellent paper for promoting in- 
creased use of cyclone separators in oil refining as it explains the 
necessity for separating gases and liquids and lists the processes 
where such separation is required. In addition, within the limits 
of the paper, the authors give a description of the various types 
of cyclone separators with the advantages and disadvantages of 
their respective features. They also give examples of several 
locations and processes in which cyclones are used successfully, 

As pointed out by the authors, there is a wide undeveloped 
field for the application of cyclone separators in the refinery. The 
possible reduction in capital investment and possible saving in 
operating cost should cause the petroleum-refining engineer to 
give serious consideration to the use of cyclone separators in the 
design of facilities for any refining process requiring separation 
of the gases from the liquids. 


‘Construction Engineer, Sinclair Refining Company, New York, 
N.Y. Mem. ASME. 
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The use of cyclones in oil refining in the United States is very 
limited owing to the lack of reliable operating data on their use 
and maintenance. There seems to be a reluctance on the part 
of those who have the operating experience and knowledge to re- 
lease their data for publication—this includes the authors. Both 
authors have a vast quantity of operating data on the design, use, 
and cost of cyclone separators, but they have been scrupulously 
careful not to place any such statistics in their paper. 

The petroleum mechanical engineer is exceedingly anxious to 
know the actual size, quantity of gas/liquid mixture handled, 
and degree of separation of the cyclones in service. Also, the 
structural details, the maintenance, and performance of such in- 
stallations. 

The authors have performed a great service to the petroleum 
industry in calling attention to the possible uses of cyclone sepa- 
rators in oil refining. It would be a greater contribution to our 
engineering knowledge, to the Society, and to the refining in- 
dustry if the authors would present a sequel paper on this sub- 
ject, giving the engineering statistics on the design and perform- 
ance of cyclone separators. 


C. FE. McCutztocu.® We wish to congratulate the authors 
upon the development of the new droplet separator of the Ter 
Linden type, which they have described. We agree that such 
separators will be useful in many petroleum-refinery processing 
operations and, especially, in vacuum-distillation operations 
where entrainment. of residue must be minimized to produce 
maximum yields of clean distillates. In our opinion, the value 
of this paper would be enhanced materially if the authors were 
authorized to disclose the following data to which they refer in 
general terms only: 


1 Test data coliected for the various vacuum columns and, 
especially, for the comparison between the performance of the 
older separators and the new Ter Linden separator. 

2 Critical design criteria for the Ter Linden separator, such 
as velocities at feed inlet, shape of feed inlet, velocities in the an- 
nular space between inner and outer cylinders, height of the inner 
cylinder, and so on, 


We also are interested in the authors’ rather casual reference 
to the use of refluxed trays and wire mats in vacuum-distillation 
equipment and to the effect of high velocities in transfer lines 
from furnaces on atomization of feed. Either one or both of 
these subjects would make an interesting paper for future pres- 
entation. 


K. A. Werrts.6 The paper generally confirms development 
work we have performed on cyclonic-type separators for removal 
of liquid entrainment from gases. As presented, the paper is 
quite general and, therefore, detailed discussion is limited. De- 
tailed data on this type of application are practically nonexistent 
owing to the difficulty in establishing a base for entrainment 
droplet-size determination. 

Exploratory work on cyclonic-type air washers confirms the 
authors’ findings. Liquid-entrainment elimination problems 
are encountered in the design and application of gas washers of 
the centrifugal type. After a series of scrubbing stages usually 
consisting of vanes or baffles, it is necessary to prevent the serub- 
bing liquid from leaving the washer with the exit gas. The 
primary cause of loss of liquid from the gas outlet of the washer 
was due to the filming tendency noted by the authors and its 
ability to flow against what would be considered normal forces 
inherent in cyclonic-type separators. This condition occurs 


§ Vice-President, Process Plants Division, Foster Wheeler Corpo- 
ration, New York, N. Y. 
¢ The Ducon Company, Mineola, N. Y. 


TRANSACTIONS OF THE ASME 


after a sufficient time of operation whenever a wall surface is in 
direct contact with the gas-outlet tube. The authors’ suggestion 
of a secondary collar H, as shown in their Fig. 4, is quite satisfac- 
tory, providing the outlet-tube velocity and the relative position 
are such that re-entrainment of the droplets in the outlet vortex 
does not occur. Body velocity in the cyclonic-type air washers 
and gas-outlet sizing are quite important for proper design. 

Exploratory work with cyclonic-type entrainment separators 
confirms the authors’ findings with respect to the necessity of 
shortening the normal cone length of the ordinary cyclone collec- 
tor as used for the separation of dust particles. The use of a 
shallow cone bottom with a small liquid outlet has proved to be 
effective. The bottom plate surfaces U and F of Fig. 4 were 
not found to be necessary. However, the foregoing referenced 
studies were made with continuous discharge of 
liquids. The flat bottom plate probably would be advantageous 
if automatic level control is used. 

Experiments with this device confirm the authors’ find- 


separated 


ings that collection efficiency is not appreciably influenced by 
gas velocity or by the concentration of liquid in the feed to the 
cyclone. Gas-inlet velocity, however, was important from the 
standpoint of re-entrainment at higher velocities and pressure 
drop through the collector. As the authors point out, when- 
ever an inlet surface on a cyclonic separator is in direct contact 
with the gas-outlet tube, liquid will flow along this surface to the 
gas-outlet tube, form droplets at the edge, and be re-entrained 
in the gas-outlet vortex. 

It would be interesting to know the effect of entrained-liquid 
droplet size, if any, on the collection efficiency. Any data which 
could be obtained and used for estimating collection efficiency 
and proper design criteria would be a helpful contribution to 
these studies. 


AvutTHors’ CLOSURE 


The quantitative analysis of specific phenomena (such as coa- 
lescence, film creep, and re-atomization) occurring inside gas- 
liquid cyclones and their influent and effluent conduits is indeed 
extremely difficult to make, but the authors expect that the use 
of radioactive tracer techniques will prove to be of considerable 
value. Though extensive experimental data and also some 
results from tests with commercial plant are available, the tracer 
techniques may still lead to a better understanding of the in- 
fluence of variables on separator performance. They may also 
give more detailed knowledge concerning the fluid mechanical 
phenomena occurring inside this equipment which can be used to 
explain how these phenomena quantitatively contribute to the 
final operational results. Some indication of the first results of 
these techniques can already be given. 

Experimental injection of nonvolatile radioactive tracer ma- 
terials into the 25-ft diam cyclones referred to in the paper proved 
that less than 0.5 per cent of the tracer material injected into the 
suction line of the pump feeding into the pipestill ahead of the 
cyclone left the vapor outlet of the cyclone. Of the tracer ma- 
terial injected at the cylindrical wall of the cyclone above the 
bottom plate, only 0.02 per cent was entrained through the vapor 
outlet of the cyclone, indicating that re-atomization of liquid 
flowing down along the cylindrical wall is negligible. 

With regard to droplets of extremely small size, it is of impor- 
tance that the formation of such droplets be suppressed as much 
as possible, not only inside the cyclone itself, but also in a con- 
siderablez length of the inlet piping upstream of the cyclone. 
Moreover, the shape of the cyclone depends on droplet size. For 
instance, with smaller droplets the height to width ratio of the 
inlet opening, the ratio of the cyclone diameter to the gas outlet 
diameter, and the ratio of the length of the outer cylinder (be- 
tween lower end of gas outlet and bottom plate) to the gas outlet 
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diameter should be increased. In the inlet piping system the 
vapor velocity should be kept below a maximum of approximately 
50 per cent of the sonic velocity. This rule should be considered 
as a rule of thumb, its meaning being that everywhere in the 
system velocities should be well below the sonic velocity to pre- 
vent the occurrence of unstable shockwave phenomena, which 
entail extremely fine atomization. It should be used as a limiting 
condition to be fulfilled in choosing transfer line dimensions, in 
which the aim should be to reach an optimum with regard to ma- 
terial cost and separability of the dispersed liquid. 

The separability depends strongly on ultimate droplet size, 
which in general is a function of liquid and gas viscosity and den- 
sity, weight fraction of gas, interfacial tension of gas and liquid, 
pipe diameter, length and wall roughness, and gas velocity.?. Fora 
certain weight fraction of gas, certain gas and liquid properties, 
transfer piping dimensions, and thermodynamic conditions at the 
cyclone inlet, it is a function of gas velocity alone. 

It is further important to promote coalescence and even wall 
film flow in the inlet piping. The importance of the function of 
the inlet line has been made clear by the injection of radioactive 
tracer material in the heart of the vapor stream immediately be- 
fore the eyelone. Of this material, which did not have the oppor- 
tunity to coalesce in the transfer line, as much as 10 per cent left 
the vapor outlet of the cyclone. 

With regard to the relative importance of re-entrainment by 
secondary gas currents in the top section of the cyclone, and re- 
entrainment in the apex of the cone, experience has shown that 
only in small cyclones the former is more critical, while the latter 
becomes predominant in cyclones of medium and large size. 

The authors note with interest Mr. H.C. Dohrmann’s important 
remark concerning the usefulness of a conical section for ampli- 
fied centrifugal action in the separation of extremely fine droplets, 
which idea thus far has not been tried out by them. 


7™“Flash Vaporization; Analysis of Fluid-Mechanical and Mass 
Transfer Problems,"’ by R. R. Hughes, H. D. Evans, and C. V. 
Sternling, Chemical Engineering Progress, vol. 49, February, 1953, 


pp. 78-87. 
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The accumulation of data on the performance of Ter Linden 
type cyclones is progressing steadily. It is expected that grad- 
ually a more conclusive evaluation of their performance can be 
made. Progress in the field of testing with radioactive tracers 
will certainly aid in determining the geometrical proportions for 
optimum cyclone efficiency. In this respect, present theories and 
experimental data still leave an appreciable margin for trying out 
one’s technical judgment and feeling. For instance, the shape of 
the feed inlet does not seem to be critical, some designers prefer- 
ring a rectangle with a height-to-width ratio of 2:1. On the other 
hand, it is generally felt of importance that the inlet should be 
truly tangential, while a radius of curvature of the inlet line ap- 
proaching the radius of the cyclone body is thought to be advan- 
With regard to the 
annular space between cyclone body and outlet conduit, it is gen- 
erally preferred to make the difference between the radii of cy- 
clone body and outlet conduit somewhat larger than the width of 
the (rectangular) inlet conduit. 

Referring to the requests by discussers for engineering data on 
the design of cyclones, the authors would like to remark that the 
purpose of the present paper is mainly to point to possible appli- 
cations for this type of equipment. It must be realized that for 
determining the factors governing the calculation and design of 
Contrary to gas- 


tageous with regard to pre-de-entrainment. 


cyclones, extensive model tests are required. 
solid cyclone separators, where design criteria are firmly es- 
tablished on basis of extensive quantitative knowledge of the be- 
havior of dust particles of widely varying size,* for gas-liquid cy- 
clones the interpretation of the known data and their application 
to widely varying conditions still largely is an engineering art 
resting on a partly developed scientific basis. The major ob- 
stacle in the way of further progress in this field is the considera- 
ble difficulty of obtaining a clear, quantitative insight in the 
behavior of the dispersoid. 


Linden, 
1953, 


*“Untersuchungen an Zyklonabscheidern,”’ by A. J. Te 
Tonindustrie Zeitung und keramische Rundschau, vol. 77, 
Heft 34, pp. 49-55. 


Concurrent Flow of Air, Gas-Oil, 
Water in a Horizontal Pipe 


By D. P. SOBOCINSKI? anv R. L. HUNTINGTON? 


There are several operations in the production of petro- 
leum in which three-phase concurrent flow of fluids takes 
place. In some cases this type of flow necessarily must 
occur, such as the lifting and transportation of gas, crude 
oil, or condensate and water from the reservoir to the first 
separator in the field. In another operation, three-phase 
flow is encountered when glycol is injected into a pipeline 
at the well-head with oil and wet gas, in order to prevent 
freeze ups from gas-hydrate formation. The design of 
piping for vertical, horizontal, and inclined multiphase 
flow has been done largely by the expensive route of trial 
and error. Poettman, et al.,4 have analyzed data on a 
number of wells flowing oil, gas, and water vertically. 
This laboratory study was undertaken in view of the cur- 
rent interest in the concurrent flow of oil and gas in field- 
gathering pipelines along with the injection of a third 
water phase such as glycol. 


EXPERIMENTAL WorRK 
r I ‘HE laboratory flow assembly is shown in Fig. 1, with a 3-in- 
ID by 38.16-ft length of clear Tenite plastic tubing mounted 
horizontally as the flow section. Other equipment included 
storage tanks for water and gas-oil, pumps, manometers, gas- 
liquid separator, and a quick-closing valve. This valve located 
near the outlet end of the piping was used for the purpose of 
obtaining the in-place ratio of the several fluids. Flowing rates 
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4 Poettman, et al., API-Mid-Continent Production Division, 
March, 1952. 
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TABLE 1 
Component 


PHYSICAL PROPERTIES OF WATER AND GAS-OIL 
Density 
62.3 cu ft 


t 70 F 
36.8° “API 60/60 


Surface tension 
72.9 


Viscosity 
0. centistoke 


t 100 
3. 8S centistokes 23" dynea/em 
t 100 F 5 F 


* Data obtained from “Chemical Engineers’ Handbook,” edited by J. H. 
7: McGraw-Hill Book Company, Inc., New York, N. Y., third edition, 
and pressure drops also were measured. The physical properties 
of the water and gas-oil are given in Table I. 

Colored 16-mm motion pictures were made of typical runs 
showing the various flow patterns which took place under a wide 
range of fluid ratios and flow rates. 


Discussion OF RESULTS 
Two-Phase Runs. These runs were made on air-water and air- 
gas oil systems in order to obtain liquid holdup characteristics for 
two-phase concurrent flow in the 3-in-ID plastic pipe. 
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The liquid holdup data on air-water and air-gas oil flows are 
shown in Figs. 2 and 3, respectively, for a fairly wide range of 
flow rates; however, slug flow was not included in these experi- 
ments. From previous work done in these laboratories,*.*.” 
the results proved to be in line with expectations; namely, the 
more effective sweep of liquid from the pipe at higher air velocities. 

Three-Phase Runs. In order to reduce the three-phase experi- 
mental runs to a limited number, only a few fixed mass-liquid 
rates and flowing ratios of water to gas-oil were studied. For each 
water-to-oil ratio, the air rate was varied over as wide a range as 
possible with the equipment on hand. Let us consider the 
following case (see Fig. 4). 


Water to gas-oil flow ratio: 0.66 
Total mass-liquid rate = 34,100 lb/hr/sq ft 


At an air rate of 2000 lb/hr/sq ft of open tube area (see Fig. 4) 
the gas-oil flowed on top of the water at approximately 150 per 
cent of the linear velocity of the water. Up to this air rate, there 
was no visible disturbance in either the boundary layer between 
the air and the gas-oil or between the gas-oil and the water. This 
type of flow pattern is called stratified. 
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When the air-mass velocity went above 2000 lb/hr/sq ft, gentle 
ripples appeared on the surface of the oil; however, the sur- 
face between the oil and the water remained smooth. With air 
velocities of 3000 to 4000 lb/hr/sq ft the linear velocity of the 
oil had increased to 227 per cent of that of the water and deep 
ripples developed on the gas-oil surface with minor irregularities 
between the gas-oil and the water. 

With an air-mass velocity of 4600 lb/hr/sq ft waves appeared 
on the surface of the oil and also between the oil and the water 
causing incipient emulsification. As the air flow was increased 
to higher and higher rates the ratio of water to oil in place de- 
creased from the 1.5 maximum and the emulsification became 
more nearly complete. 

The results of other liquid-flow rates and ratios are shown in 


§“*More Data on Two-Phase Vertical Flow,” by W. C. Galegar, et 
al., Petroleum Refiner, vol. 33, November, 1954, pp. 208-211. 

* “Horizontal Two-Phase Oil and Gas Flow,” by F. N. Schneider, 
et al., Pipeline Industry, vol. 1, October, 1954, pp. 47-51. 

7 “Horizontal Co-Current Two-Phase Flow of Fluids in Pipelines, 
by P. D. White and R. L. Huntington, Petroleum Engineer, vol. 27, 
August, 1955, pp. D40-D45. 
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Fig. 4 with the same type of curve for varying air rates. As the 
air rate was increased from 5000 up to 12,000 lb/hr/sq ft, the 
emulsion became more pronounced and gradually encroached up 
the sides of the pipe walls forming a continuous film around the 
entire inside periphery of the tube. However, the amount of 
frothy emulsion in the bottom of the tube appeared to be greater 
than it was in the layer along the sides or top of the tube, hence 
the flow pattern could be classed as semiannular. At an air veloc- 
ity of 14,000 lb/hr/sq ft the in-place ratio of the two liquids ap- 
proached the flowing ratio. 

Total Liquid Flow 85,000 to 75,000 lb/hr/sq ft. Since the 
conduit contained more liquid in place with these runs, ripple 
flow was reached sooner as well as emulsified flow as the air mass 
velocity was increased due to the smaller cross-sectional area 
through which the air had space to flow. In none of the experi- 
mental runs was slug flow encountered. 


Errect or HicHer Ratios 


Several similar series of experimental runs were made with 1.5, 
4.0, 6.0, and 8.0 water-to-oil mass-flow ratios. By increasing the 
air-flow rates for each of these liquid-liquid ratios, it was found 
that the most pronounced water-in-oil-emulsion formation took 
place with a water-to-oil mass-flow ratio of 4.0. This emulsion 
was temporary in nature as it settled out within a few minutes 
when it was caught in a vertical 3-in. sampling cylinder. Within 
the tube, however, the emulsion took on the appearance of 
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frothy suds, its large irregular surfaces serving to increase the 
frictional pressure drop. 


MEASUREMENT OF FRICTIONAL LOSSES 


Single and Two-phase Runs. Pressure-drop data were obtained 
on air flow only, water-air, and gas-oil-air flows in order to give 
a more complete comparison of different types of flow systems 
with the exception of slug flow. 

Air flow only is presented in Fig. 5. Water-air flow data are 
shown in Fig. 6 for a range of water rates from 20,400 to 66,600 
lb/hr/sq ft and for air from 2000 to 19,000 lb/hr/sq ft, all based 
on open-tube area. Gas-oil and air was the other two-phase sys- 
tem studied, Fig. 7, for pressure-drop data. 

Three-phase, Pressure-Drop Data. As pointed out earlier in 
this paper, emulsification appeared to be most intense when the 
mass ratio of water to gas-oil was about 4.0 regardless of the 
air rate. By cross-plotting the pressure-drop data for a number 
of runs it is shown in Fig. 8 that the maximum frictional loss also 
takes place at this particular ratio. The two-phase pressure drops 
for water-air and gas-oil-air systems appear to be substantially 
equal for the same total mass of liquid and air. In other words, 
the physical properties of the liquid components appear to have 
little effect on frictional loss for the flow range studied in these 
two binary-phase systems. 
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Types or EmMuusions ForMED 


It was observed that up to a mass ratio of water to oil of 4.0 or a 
volume ratio of 77 to 23, the temporary emulsions which were 
caught in a clear cylinder at the outlet of the tubing were water 
dispersed in oil. In other words, upon standing, the oil phase 
separated by diffusing upward through the decending globules of 
Beyond this critical mass flow ratio of 4.0 (water to oil) 
the emulsion was oil dispersed in water. Although no viscosity 
measurements were made on these temporary emulsions it could 
be seen readily that they were non-Newtonian in nature. The 
frothy emulsion which was formed took on more the appearance 
of solid irregular shaped flakes than that of a fluid material. 


water. 


CorRELATION WitH Two-PHase FLow 


A number of relationships have been offered to describe two- 
phase flow for various flow patterns. Among these are equations 
presented by Martinelli,’ Baker,’ Schneider,’ White,’? and more 
recently by Chenoweth." Since dynamic fluid properties and 
flow features were incompletely defined, the Schneider equation, 
a modified extension of the Fanning friction equation to two- 
phase flow, was adjusted to apply to the water-oil-air pressure 
drop data. 
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CORRELATION OF THREE-PHASE FLOW SCHNEIDER 


Friction Factor 


Fie. 9 


Average deviation in the friction curves A through F for the 
revised friction lines (Figs. 9 and 10) based on crossplotted lines 
is 7.3 per cent for A, 8.6 per cent for B, 6.5 per cent for C, 5.3 
per cent for D, 6.2 per cent for E, and 8.9 per cent for F. Actual 
experimental data for various liquid ratios over the liquid flow 
range 33,000 to 80,000 Ib/hr(sq ft) anu air flowrates from 5500 
to 14,000 lb/hr(sq ft) are within an average deviation of 15.1 
per cent from results calculated from the friction charts. Linear 
interpolation was used to estimate friction factors for liquid 
ratios for which there is no specific curve. 

Fig. 10 (also) contains lines G and H which are friction curves 
for oil-air and water-air respectively. Actual water-air data 
agrees to within 17.9 per cent of calculated results in the range 
G, = 19,000 to 91,000 Ib/hr(sq ft) and Gg = 5000 to 19,000 
lb/hr(sq ft). Similarly for the oil-air curve, an average deviation 

§“Prepared Correlations of Data for Isothermal Two-Phase, 
Two-Component Flow in Pipes,’’ by R. C. Martinelli and R. W. 
Lockhart, Chemical Engineering Progress, vol. 45, 1949, pp. 39-48. 

® “Design of Pipelines for the Simultaneous Flow of Oil and Gas,’ 
by O. Baker, paper presented at the fall meeting of the Petroleum 
Branch, AIME, Dallas, Texas, October, 1953. 

1 **Turbulent Two-Phase Flow,’’ by J. M. Chenoweth and M. W. 
Martin, Petroleum Refiner, vol. 34, October, 1955, pp. 151-155. 
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CORRELATION OF THREE-PHASE AND Two-PHase FLow 
ScHnerverR Friction Factor 


Fic. 10 


of 12.2 per cent is found over the range, G, = 15,000 to 68,000 
Ib/hr(sq ft) and Gg = 3000 to 17,500 lb/hr(sq ft) 


SAMPLE CALCULATION 


Run 99; water, gas-oil, and air in 3-in. line, temp=75 F, 
0.261 ft. 


Mair 0.0435 Ib /ft-hr 
Mwater 2.22 Ib/ft-hr 
Megas-oil 8.3 Ilb/ft-hr 
Gwater 30,200 lb, hr(sq ft 
20,000 Ib /hr(sq ft) 
Gr Gwater + Geasoit = 50,200 lb/hr(sq ft) 
Gair 10,150 Ib/hr(sq ft) 
Air densit lect ibility fact = 
Air density (neglect compressibility factor) = 
\ »ympre lity RT 
(14.6 (28.97 ) 


a= = 0.0736 lb, cu ft 
(10.72)(535) 


(AP/AL)g.Dp, 
267, 


. [1] 


fg = 


fig2Gg? 
AL} g-Dp, 
20,000 


30,200 
999 
50,200 


= - 2.33 (8.3) = 4.64 lb/ft(hr) 
50,200 


wL = mass fraction water X Mwarer + mass fraction gas-oil 
x Megas-oil 


= 527; R= 
Gens oil 
30,200 
~ 20,000 


(50,200 \( 4.64) 
Gug (10,150)(0.0435 


51 


Interpolating from Fig. 9: f'g = 0.021 
Substituting into Equation [2] 

(0.021)(2)(10,150)? 
AL /eate. = (32.2)(3600)2(0.261 )(0.736) 


AP 
= 0.56 lb/sq ft-ft 


= 0.54 lb/sq ft-ft 
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liquid-mass velocity based on full pipe diameter, 
Ib/hr(sq ft) 
gas-mass velocity based on full pipe diameter, 
Ib/hr(sq ft) 
= conversion factor, lbw ft /lbr (sq hr) 
pipe diameter, ft 
gas density, lb/eu ft 
pseudo-friction factor, based on gas flow, dimen- 
sionless 
(AP/AL) static pressure drop per unit length, lb/sq ft-ft 
ul liquid viscosity, lb/ft-hr 
ug gas viscosity, lb/ft-hr 
R = water-oil flowing ratio, dimensionless 
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Discussion 


Oviv Baker.'! The authors have presented us with a method 
of estimating pressure drop in flow lines from oil wells to the gas- 
oil separators. Through these lines flows a mixture of gas, oil, 
and water. Oil-field flow lines are usually two, three, or four 
inches in diameter and may vary from 150 to 3500 ft in length. 
Inside diameters are often reduced by paraffin accumulations 
after the line has been in service for some time. Probably there 
are applications of three-phase flow in many industries. 

The usual methods of correlating pressure drop for simulta- 
neous flow of gas and liquid involve the calculation of pressure 
drop for the liquid phase. So far as the writer knows, no data 
are available for calculating pressure drop of oil-water mixtures 
in turbulent flow through a horizontal pipe. The Schneider fric- 
tion-factor correlation presented in Fig. 9 avoids the necessity 
for calculating the pressure drop of an oil-water mixture. 

The authors have not described what liquid viscosity was used 
in making the three-phase correlation in Fig. 9. It would be 
helpful if we could have some additional details on the use of this 
correlation and an idea of the magnitude of the wide deviations 
mentioned. 

As implied by the authors, the Schneider-type correlation 
should be used with caution. The original Schneider friction- 
factor correlation failed to account for pressure drops in pipe- 
lines where a slug-flow pattern prevailed.'? Although slug flow 
was not included in these experiments it does occur in many oil- 
well flow lines. 

The authors also have included new data on two-phase flow of 
air and water and oil and water in three-inch pipelines. These 
data will be very welcome to those working with two-phase pres- 
sure drop in large-diameter pipes. Most of the work done on two- 
phase flow has been in pipes of two-inch and smaller diameters. 
This will be the third paper to present data for three-inch di- 
ameter pipe. For other large sizes there are four papers covering 
four-inch pipe, four papers for six-inch pipe, two papers on eight- 
inch, and one which covers two-phase flow in ten-inch pipe. 
There are additional unpublished data on six, twelve, and sixteen- 
inch pipe which probably will be made available in the future. 
It seems probable that a generalized correlation for two-phase 


1! Magnolia Petroleum Company, Dallas, Texas. 

12 “Designing for Simultaneous Flow of Oil and Gas,” by Ovid 
Baker, Oil and Gas Journal, vol. 53, July 26, 1954, pp. 185-190, 192, 
195. 
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flow in all sizes of horizontal pipes will become possible before 
very long. 

The authors are to be commended for their many contributions 
on this subject. 


M. R. Tex.'* The writer would like briefly to preface his re- 
marks concerning a short technical discussion of the paper by 
complimenting the authors on an interesting study, a well- 
organized paper, and a fine presentation. 

This work, to the writer’s knowledge, represents the first at- 
tempt in analyzing the multiphase pipe-flow problem with more 
than two phases flowing simultaneously. The mechanics and 
the characteristics of the multiphase-flow systems have been of 
everyday interest to many industries for some time. In numer- 
ous engineering installations such as pipelines, heat exchangers, 
chemical or nuclear reactors multiphase-flow conditions are of 
common occurrence. As was pointed out by the authors, quite 
often in oil-production operations, centrally located stock tank 
batteries lead to long gathering lines through which oil, water, 
and natural gas flow simultaneously. The prediction of pressure 
drops in such systems from the physical properties of the flowing 
fluids and the geometric properties of vehicle conduit constitutes 
a very complicated problem. 

One of the main difficulties is due to the fact that several flow 
patterns of widely different geometry and characteristics may 
co-exist. These flow patterns usually referred to as bubble, plug, 
stratified, wave, and so on, not only impose unstable undefinable 
geometry on the system, but also critically affect the relative 
magnitudes of several force fields each active to different extents, 

The classical approach of attempting to solve the Navier- 
Stokes’ equations becomes hopelessly devoid of any promise of 
success not only due to analytical difficulties in setting up the 


boundary conditions but also because of their inherent non- 


linearity. In a general formulation, the necessity to include in- 
terfacial and gravitational forces, along with viscous inertia and 
pressure forces further complicates the theoretical approach. 

These major difficulties often lead the researchers to semi-em- 
pirical approaches where ideas from the far better established 
theory of single-phase flow are combined with experimental ob- 
servations on multiphase-flow systems. 


13 Research Engineer, Research and Development Department, 
Phillips Petroleum Company, Bartlesville, Okla. Assoc. Mem. 
ASME. 
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In general, in three-phase flow systems it may be expected that 
the flowing mixture density can be different from in situ mixture 
density due to slippage and hold-up phenomena. This is shown 
very significantly by the data presented in this paper. The 
curves indicating the variation of in situ water-oil ratios versus 
the air-mass velocity in Fig. 4 are interesting and informative. 
The physical significance of Fig. 4 may be analyzed by con- 
sidering the action of the gas phase, respectively, on oil and water 
phases. 

At low air-mass velocities the free surface of the oil and oil- 
water interface are usually quiescent and undisturbed. As the 
air-mass velocity is increased the free surface of the oil flowing on 
top of the water becomes disturbed by small capillary waves. As 
these small ripples become unstable and grow in magnitude under 
the effect of increasing wind, the drag forces effected on the oil 
phase by the flow of gas become large due to viscous shear and 
the ruffled condition of the free surface. This in turn, would 
cause an increase on the net transport of the oil resulting in an in- 
creased water-oil ratio. As the air velocity reaches a critical 
value, presumably around 4000 lb/hr X sq ft, the growth of waves 
at the free surface of the oil apparently increases all the way 
across the depth of the oil film and disturbs the oil-water inter- 
face as well. Similarly as before, this would then also increase 
the drag on the water and the net transport of water phase. Al- 
though this viewpoint seems restricted to a rather narrow range 
of stratified-flow regime it appears quite compatible with the ob- 
served data. 

Again in reference to Fig. 4 it also would seem worth while to 
know the variation of total liquid in place with increasing air 
rates. 

In comparing the pressure-drop quantities given in Figs. 5, 6, 7, 
and 8, respectively, for single, two, and three-phase flows, it is 
interesting to note that at a given air-mass velocity, the presence 
of a second liquid phase increases the pressure drop approximately 
five-fold. These data also appear significant, interesting, and 
important. The specific points should be spotted on Fig. 8 A 
tabulation of basic raw data also should prove very useful in 
further studies 

In connection with Fig. 9, it would seem desirable to plot data 
points on or about the correlating curves. 

Finally, in addition, the writer believes the method used in 
computing pz oil-water-mixture viscosity should be included in 
the paper. 
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